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Abstract

A series of cyclopentadienyliron azo dye complexes have been prepared via
metal-mediated nucleophilic aromatic substitution reactions. The complexed dyes
displayed shifts in their absorption bands in the ultraviolet-visible region that resulted
from changes occurring to the conjugated system of the azo dyes. Dyes that contained a
substituted aminoazobenzene pendant to an organometallic backbone displayed
hypsochromic shifts, while those that contained a complexed arene within a dye
backbone displayed bathochromic shifts. The versatility of the metal-mediated
nucleophilic aromatic substitution reactions allowed dye monomers, which contained an
azo chromophore as a pendant side chain to an organometallic backbone, to be
polymerized yielding coloured polymers.

Photolytic decomplexation, a technique shown to allow for the successful
demetallation of a number of complexes under varying conditions, was used to
demetallate the complexed dyes. Absorption profiles of the decomplexed dyes
resembled those of the starting uncomplexed dyes. Photolysis in the presence of
hydrogen peroxide was shoWn to degrade the dyes rapidly, through cleavage of the azo
bond. Increased rates of reaction were observed for the organometallic dyes compared to
the organic dyes. Thermolytic techniques were shown to produce products that are

indicative of cleavage of the azo bond.
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1.0 Introduction

1.1 Cyclopentadienyliron Complexes

1.1.1 Synthesis of CpFe" complexes

With regards to conventional organic synthesis techniques involving aromatic
units, electrophilic aromatic substitution is one of the most encountered. However,
should one desire to substitute a nucleophile onto an aromatic system (SnAr), the
presence of strong electron-withdrawing groups are required.  The synthetic
methodology is typically time consuming and requires harsh reaction conditions. An
alternative to the attachment of sigma bonded electron-withdrawing groups to the
aromatic system is the use of organometallic reagents that are coordinated to the entire
electronic system of the aromatic ring. These units are strong electron-withdrawing
groups (the CpFe’ moiety is comparable to the presence of a o- and p- nitro group
combined), and are easily removed following SyAr reactions’.

There are a variety of metallic moieties employed to increase the reactivity of
arenes toward nucleophilic aromatic substitution. The degree of ring activation varies
from one moiety to another, with ring activation increasing in the following order:
Cr(CO); << CpRu" = CpFe’ < Mn'(CO);. While Cr(CO); complexes have been one of
the most studied, especially the [(-arene)(CO);Cr] complexes, the starting material
needed to produce this complex (Cr(CO)g) is expensive and reaction times are typically
long®. Cyclopentadienyliron complexes, however, do not suffer from these drawbacks,
and can be readily made via a ligand exchange reaction involving low cost and low
toxicity starting materials, thus producing highly soluble products with easily rerhovable

organoiron moieties™™.



Nesmeyanov was the first to use the ligand exchange reaction to produce a [(n°-
arene)(Cp)Fe'1X™ complex’. The ligand exchange reaction (Scheme 1.1.1) has since
been used extensively in the preparation of various organoiron arene complexes®. The
reaction utilizes ferrocene, an arene, AICL and Al powder. The AICl; coordinates to a
Cp ring of ferrocene, which undergoes nucleophilic attack by the arene to form the
ligand exchange product. The presence of the Al powder prevents the oxidation of the
ferrocene to the ferricinium ion>?. Typically, due to the Lewis acid nature of the AlCl,
the presence of electron-withdrawing groups on the arene ring tend to lower the reaction
rate by coordinating to the Lewis acid. Conversely, the presence of electron-donating
groups increase the yields and allow the reaction to occur under milder conditions’.

Following reaction, the cationic complexes are isolated as their salts.

: R’ ,
l @/ 130-160 °C
Fe + R - * 5
Q’ AICL, Al F e‘ X
R=H  R'=alkyl or aromatic group V

Cl halogen atom
CH; X =PF, BF,, SBF;

Scheme 1.1.1: A ligand exchange reaction yielding complexed arene-Fe'Cp complexes

Once isolated, the arene unit of the arene-Fe'Cp complex may undergo
nucleophilic aromatic substitution with various nucleophiles, thus creating C-C, C-N, C-

S, and C-O bonds. Once again, Nesmeyanov pioneered this reaction, and it has



subsequently proven quite useful in the synthesis of a variety of organoiron complexes

7-11

that incorporate various nucleophiles Scheme 1.1.2 presents a generic example of

some of the reactions common to this system’.

R'

o~ R v ()

I |,
CpFe X CpFé X

Nue = PhOH, PhSH, CH(CN)COOEt
CH(COMe),, CH(COPh),

Scheme 1.1.2: SyAr reactions involving a [(#°-arene)(Cp)Fe' X" complex

1.1.1 Polymerization of CpFe" complexes

One of the more interesting applications of organoiron complexes lies in their
use in polymer synthesis. Methods for preparing polymers incorporating repeating aryl-
ether or thioether units are typically hindered by harsh reaction conditions and low
yields'*?®.  The Ullmann synthesis and non-metal mediated nucleophilic aromatic
substitution reactions are two of the conventional polymerization techniques affected by
these drawbacks. However, using organoiron chemistry allows for a rather facile
synthesis to be conducted producing organometallic polymers. These metallated
polymers may be interesting in themselves due to the electrical, mechanical and optical
properties imparted by the metal, or may be decomplexed to yield the organic analogue

which would have been difficult to synthesize otherwise®'*.

Scheme 1.1.3 presents an
example of the use of organoiron complexes in the synthesis of polyarylethers’>. The

complex and nucleophile are commonly reacted in high concentration to obtain the



polymeric material'. Additionally, the technique readily incorporates C-S and C-N
bonds into the polymer by simply changing the choice of nucleophile. Thus a tailor-
made polymer may be synthesized. This is especially important given that these types of
aromatic polymers are typically used as thermoplastics, thus the thermal stability of the
polymers can be tailored depending on the choice of nucleophile. Organoiron arene
complexes have been used in the synthesis of a variety of polymers ranging from the

above-mentioned polyarylethers to polynorbornenes and polymethacrylates'>*?.

Wo S, o W/ W We B
| I + I +
CpFé PFy pFé PR, CpFePFy

R = direct bond ; C(CHy), ; C(CH;),CgH,C(CHa)y;
C(CH;)CgH, ; C(CH,)(CH,CH,COOH)

Scheme 1.1.3: Polyarylethers synthesized via metal mediated SyAr

1.1.3 Decomplexation techniques

As aforementioned, the organometallic moiety may be removed easily, thus
allowing the organic analogue to be isolated. There exist three primary techniques
available for the decomplexation of the arene, namely, pyrolytic sublimation,
electrochemical liberation, and photolytic liberation®.

Pyrolytic techniques have commonly been used, but typically require special
equipment (pyrolytic sublimator) and are only applicable when the product is thermally

stable. The process utilizes high temperatures (200-250 °C) to cleave the arene-iron



bond. The demetallated product then condenses on a ‘cold-finger’ in the sublimator

272021 With regards to thermally unstable compounds, electrochemical

apparatus
techniques have also been examined, as they require milder reaction conditions.
However, they require specialized equipment and since the process requires lower
concentrations of complex, there is a need to combine samples in order to isolate the
desired product. This is a definite drawback given that each sample may take 2-3 hours

for complete decomplexation’**,

Furthermore, the process is not applicable to
compounds that are easily reduced.

Photolytic techniques were first investigated by Nesmeyanov, who reported the
release of ferrocene and benzene upon irradiating THF solutions of [(7°-
C¢Hg)(Cp)Fe'IX". Photolytic techniques have since become a very widely used method
for liberation of arenes from organoiron complexes. The process is amenable to
thermally unstable compounds, is applicable for functional groups susceptible to

7.24,25

reduction, and allows facile product isolation . The common products of photolytic

demetallation are the free arene, ferrocene, and Fe(Il) ions, although in certain cases
oxidation of ferrocene itself was observed in hydrocarbon solvents®28.

Mann has performed extensive work on the photolysis of organoiron-arene
complexes, and has reported that the photolysis process is governed by two factors: the
solvent used, and the anion present (X). It was found that, in solution, the complex
exists either as an ion pair or freely solvated ions. Polar solvents facilitate the freely
solvated forms, while non-polar solvents favour the formation of ion pairs®3!.  The

solvent is ultimately responsible for liberating the arene, however, should the complex

exist as an ion pair, then the anion will take part in the transition step. The degree of



association depends on the nucleophilicity of the anion, or solvent. The nucleophilicity
of the anion increases in the order: SbFs < PFs << ClO4 < BF, < CF3S057, while
solvent nucleophilicity increases in the order: CH,Cl, < CH;CN < CH;0H < H,0%,
The mechanism of decomplexation is primarily either a solvent assisted reaction (for
polar, nucleophilic solvents) or an anion assisted reaction (for non-polar, weakly
nucleophilic solvents). It should be noted that while acetonitrile is lower on the list of
solvents, it is an adequate choice for a solvent, and has been used extensively in
liberation reactions’**3°,

A generic photolytic induced demetallation reaction is shown in Scheme 1.1.4%%,
This reaction proceeds though an intermediate that incorporates the solvent, commonly
CH3CN, as a temporary ligand. The intermediate has been identified by Mann as [(4-
CsHs)Fe(CH;CN);]" (where CsHs = Cp) by low temperature NMR and UV studies?.
This intermediate then undergoes reaction with free cyclopentadienyl anion to yield

ferrocene, as shown in Scheme 1.1.5%.

hv
CH;CN

2[(-CsHs)Fe(arene)]” (n-CsHs),Fe + Fe(Il) + 2(arene)

Scheme 1.1.4: Net reaction for photolytic decomplexation in acetonitrile

nv

[(7-CsHe)Fe(arene)]” —————> [(7-CsHs)Fe(CH;CN)3]" + (arene) (1)
3

[(7-CsHs)Fe(CH;CN); '« pe(CHZCN)6™? + CoHL @)

[(7-CsHs)Fe(CH;CN);]" + CsHy

(7]-C5H5)2Fe + 3CH3CN (3)

Scheme 1.1.5: Intermediate steps in a decomplexation reaction in acetonitrile



There have been questions raised regarding whether step 2 in Scheme 1.1.5
actually occurs. However studies examining irradiated solutions of (y-
CsHs)Fe(CD3sCN);* with HBF; were observed to yield Fe(I) and free cyclopentadiene
(CsHs).  Additionally, photolysis of [(#-CsHs)Fe(n-CsHs)IBFs  in protic solvents
(methanol, ethanol and water) showed the only products as Fe(I) and the free arene .
This indirectly substantiates the existence of free CsHs', as this ion would rapidly
protonate in such solvents thereby removing it from the reaction sequence before
reaction 3 could occur®,

The mechanism for the photolytic demetallation of an organoiron arene is
illustrated in Scheme 1.1.6%**. The two processes differ in that there exist either the ion
pair, or the freely solvated ions. Regardless, upon irradiation, the complex is excited
into a singlet state, and undergoes intersystem crossing to the lower energy triplet state
(See section 1.2.1 for a explanation of these states). The triplet state is regarded as the
reacting species since the process occurs even in the presence of singlet quenchers™*.
Once excited, the organoiron complex alters its structure from a n® complex to a 1’

4272 . . . . .
724272932 This opens coordination sites on the iron

complex through ‘ring-slippage
atom allowing either solvent or the anion to temporarily coordinate to the iron. Further

reaction with the solvent rapidly forms the products shown in Scheme 1.1.6*.



@m

ion pair

R' B

Q-+

CH,CN

F
@ >
triplet state — J

@ “NCCH]

O

2CH;CN
———————

Scheme 1.1.6: Mechanism for photolytic demetallation

triplet state

[CpFe(CH;CN),I'X



A

1.2 The Chemistry of Azo Dyes

Much attention has been given to the physical basis of colour. A dye is a
coloured substance, usually organic in nature, which can be applied to a substrate in
order to impart colour”. Usually the substrate is a textile fiber, but other applications
such as paper, leather, hair, plastics, or foodstuffs are common. The production of
commercial dye compounds is one of the largest industrially driven organic synthesis
trades, and as a result there is little information preceding 1980 in the literature due to
the flurry of patent activity that dominated this field**.  The commercial dye trade is
dominated by azo type dyes, first discovered by Peter Griess in 1858, which incorporate
the N=N group as a chromophore, which commonly bridge two or more aromatic
units™.  Although most of the original data are subject to patent protection, there has
been substantial subsequent (post 1975) research investigating various types of azo dyes,

343641 The coloured dyes can be

all exhibiting their own colour and characteristics
classified as n—n* chromogens or donor-acceptor chromogens. Azo dyes fall into the
latter category, that are characterized by possessing one or more substituents with lone
pair electrons (donor groups) and one or more electron-withdrawing substituents
(acceptor groups) attached to the same conjugated m-electron system. Figure 1.2.1
provides the generic representations of two of the more common forms; an

343641 - Recently these

aminoazobenzene (1) and a thiophene/thiazole derived azo dye (2)
dyes have attracted considerable attention in polymer systems due to their potential uses

in optical applications (Section 1.2.3)*.
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Figure 1.2.1: Generic representations of an aminoazobenzene (A) and a thiophene
based dye (B)
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1.2.1 Synthesis and characterization of azobenzene dyes

The manufacture of azo dyes is always based on reaction of diazonium
compounds of benzene (or heterocyclic moieties), with phenols, napthols, arylamines,
pyrazolones, or other suitable components, to yield hydroxy-azo or amino-azo

36-42

compounds The resulting dyes contain a chromophore (the azo group) and an

auxochrome (the hydroxyl or amino group)***!.

Azo dyes are commonly synthesized via a coupling reaction of a diazo, or azo
component (the terms are interchangeable), and a coupling component. For
azobenzenes, the diazo component is quite often a functionalized aniline, while the
coupling component may be an aniline or phenol®*7*2.  1In particular, N-B-
hydroxyalkylanilines are commonly employed as coupling components, due to the
electron donating ability of the aniline functional group®. Scheme 1.2.1 illustrates the

3544 The reaction is termed a diazotization reaction, which

formation of an azobenzene
can be categorized into two steps, namely a diazotization step and a coupling step. In the
first, the diazo component undergoes diazotization as a result of reaction with
nitrosylsulphuric acid (HSO4NO, arising from the reaction of sodium nitrite with
sulphuric acid). Other nitrosating agents may be used, such as nitrosyl bromide or

chloride (NOBr/CI), dinitrogen trioxide (nitrous anhydride, NONO,), or the nitrous

acidium ion (NOOH,), however, nitrosylsulphuric acid is by far the most common>*°.
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Scheme 1.2.1: Synthesis of an azobenzene dye

The formation of the azo functional group requires low pH and low temperature
to allow for the formation of the acid, and to ensure that the stability of the intermediate
is not compromised®. Diazotization proceeds upon stirring for a couple of hours, at
which time the solution is combined slowly with a solution of coupling component (by
either adding the azo solution dropwise to coupler or vice versa). The azo component,
being strongly electrophilic, reacts with the coupling component, which typically has a
carbon with higher electron density (such as the carbon occupying the para position in
an aniline). The overall reaction is one in which a diazonium ion reacts with a free
amine via electrophilic aromatic substitution®>*,

The thiophene analogues are typically synthesized with the same overall method,
but via a Gewald-type reaction which yields the 2-aminothiophene derivatives s 394648,
Regardless of the specific dye, the final step in the reaction process is neutralization of
the medium. The actual method by which this occurs depends strongly on the nature of
the reactants. Amines typically require acidic solvents, therefore must be neutralized by
alkaline solutions, whereas phenols are typically coupled in slightly alkaline conditions,
thereby necessitating the addition of an acid for neutralization. As would be expected,

exact reaction conditions depend on the reagents chosen® =%*-0,
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Structural confirmation of azo dyes can quickly be performed through nuclear
magnetic resonance (NMR) spectroscopy” %!, which is of definite advantage given the
difficulty associated with locating and differentiating the azo and hydrazo bands in the
infrared spectra of azo compounds*. The IR spectra of azo dyes are typified by
numerous bands in the 1615-1000 cm™ region, making structure elucidation troublesome
at best. Due to the myriad variety of substituted azo dyes synthesized, no comprehensive
NMR study has been performed, however there do exist a few comparisons within
subclasses of azo dye structures themselves**'3. One of the more important factors to
note is that although the azo linkage is not linear (predominately trans, see Section
1.2.2), the rapid rotation around the C-N bond causes the aromatic rings to become

equivalent, as shown in Figure 1.2.2°!,

56 12__ 1 R 4 32 2__u R
3 2 8 9 R 5 6 1L 8 9 R’
3 2 8 J "

x4 L N=N—% e

\ t

5 6 12 11 R

Figure 1.2.2: Nuclei equivalency caused by rotation around C-N bond.
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1.2.2 Characteristics and Visual Properties of Azobenzene derived dyes
i) Excitation resulting from absorption of visible light irradiation

Prior to any in depth discussion regarding the nature of the azo dyes themselves,
it is beneficial to overview the reasons compounds may be coloured. Colour arises from
electronic transitions resulting from the absorption of electromagnetic radiation in the

visible region of the spectrum, typically between 400-800 nm*>*>.

The actual colour
observed for a substance arises from the conjugate colour of the absorption. Thus, for
example, a red coloration results from the absorption of blue-green light at
approximately 500 nm’”.

Upon absorption of light an electron will be promoted into an excited state. In
the case of absorption of visible light the promotion occurs between the highest occupied
molecular orbital (HOMO, typically nonbonding, n or pi-bonded, =) to the lowest

unoccupied (LUMO) or anti-bonding orbital (n*). Figure 1.2.3 compares the electron

configuration of the ground (a) and excited (b) states of a molecule®.

o ¥ o ¥

, ¥ f ___!__,,arr
_Hga ___i'__a

{a} (b)

Figure 1.2.3: Ground (a) and Excited (b) levels of a molecule
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The energy of the absorbed radiation must obey the Einstein-Bohr law [Equation

1.2.1], in order for any transition to occur.

Equation 1.2.1: AE =hv=he/A

AE represents the difference in energy between the two levels, while h is Planck’s
constant (J-s), v is the frequency of the radiation (s™), ¢ is the speed of light (m's™), and

333336 On excitation, the electron is promoted into an

A is the wavelength of light (m)
excited singlet state (in which the electron spin, or multiplicity, remains unchanged
relative to its original value). Thereafter, the electron will not remain in the excited state,
as the excited state is deactivated by collisions, emission of radiation, or photochemical
reactions. Transitions that involve emission of radiation may result in a reversal of
electron spin (change in multiplicity) which results in the formation of a triplet state (in
which the two lone electrons have the same spin). Thereafter the excited triplet state may
undergo photochemical reaction or radiative or non-radiative relaxation to the ground
state. Figure 1.2.4 illustrates a Jablonski diagram, which demonstrates the various
pathways available™. In Figure 1.2.4, abs represents absorption of a photon; S1, S2 and
T1, T2 are excited singlet and triplet states, respectively; v; is vibrational relaxation; ic

denotes internal conversion, while isc is intersystem crossing; fluorescence and

phosphorescence are abbreviated fl and phos, respectiv’ely5 ’,
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Figure 1.2.4: Jablonski Diagram

Absorption of light that promotes electrons into two closely spaced vibrational
bands (within a given energy state) usually creates one broad band rather than two
individually resolved bands. The broad bands result from the loss, or collapse, of the
fine structure. These losses are due to the large number of different vibrational and
rotational transitions available for a molecule, in addition to intermolecular effects

arising from solvation®.

Hence a wide single band, and not a number of individual
bands are observed. The position, or wavelength, of this band is dependant on the
energy of the light, as shown in Equation 1.2.1. The intensity of the band, however, is a
measure of the probability of the particular excitation occurring. The higher the
probability, the greater the intensity, and thus the larger will be the molar absorptivity
(or extinction coefficient)’®>.  Furthermore, the narrower the band, the brighter the

colour, thus a narrow band will result in a more vibrant colour, while broad bands

produce dull colours”.
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With regards to azo compounds, the transitions of importance are the n-m*
transition, in which a 7 electron is excited into an antibonding w* orbital, and/or n-n*
transitions, where a non-bonding electron is excited”. m-m* bands are typically more
intense than the n-n* transitions. The low intensity of the n-n* transition, coupled with
the often close proximity to the w-n* transition renders the former rather insignificant in
regards to the observed colour of a compound>’. Given that overlap of the two bands
is often common in azo dyes, the majority of attention has focused on the zm-m*
transition®>>>".

The position of an absorption band can be largely affected by the structure of the
compound. For example, if one examines an aromatic system versus a non-aromatic
system, the aromatic system would, as a rule, absorb at higher wavelengths (lower
energy). This occurs due to the degree of conjugation. As the conjugated system
increases, the energy difference between the highest occupied and lowest unoccupied
molecular orbitals decrease. Thus, the excited state will be stabilized to a greater extent,
relative to the ground state, than in a non-conjugated system. This in turn means that less
energy is needed to excite the molecule and the absorption band will be shifted to higher

wavelength (red shifted)®. It is for these reasons that highly delocalised n electron

systems typically exhibit vibrant colours®.

ii) Azo dyes
Given the wide commercial application of azo-compounds as dyes and pigments,
the most important property is that the compounds absorb in the visible region of the

electromagnetic spectrum. Furthermore, a wide range of absorption characteristics,
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providing an equally wide range of colour choices, would be preferred. Due to the high
degree of conjugation associated with these types of molecules, absorption throughout
the visible region is common. There have been many studies examining the wavelength
maxima of azo dyes and the factors that may influence or change these values>®37-58-62,
Azo dyes of the type shown in Figure 1.2.5 are termed donor-acceptor
chromogens, due to the migration of electron density through the molecule®®*. In
Figure 1.2.5, the diazo component, substituted with X, Y, and Z substituents (usually
electron-withdrawing) is the acceptor (or azo) chromogen, while the coupling
component, substituted with A and B (usually electron-donating) is classified as the

3

donor chromogen®. The absorption band in the visible region is related to the migration

of electron density over the molecule, from the terminal amino group to the azo

5363 The largest band is characterized as the m-r* band, usually occurring around

bridge
380-475nm (depending on the actual structure of the azo dye, see below) which may
overlap with the weaker n-n* band, typically occurring around 440 nm*®*%, In
addition, there are low wavelength absorptions present in the UV region, which are a
result of electronic transitions involving the aromatic rings*. The n-n* band is
relatively unchanged as the substitution pattern of the benzene rings is altered, owing to
the fact that the n-n* band is localized on the azo group, and thus is relatively free from
changes to the aromatic system. However, the highest occupied m orbital arises from the

aromatic rings, thus any change in the electron distribution of the benzene system will

result in a change of position of the m-7* band®.
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Figure 1.2.5: Substituted azobenzene

iii) Canonical representations and isomerization of the azo group

Owing to the high degree of delocalization in azo molecules, the dye can be
thought to exist in two canonical forms. Figure 1.2.6 illustrates these two forms®. It
has been found that in the ground state resonance structures do not exhibit a large
influence, and that form (I) can approximately represent the ground state. However, due
to the imparted energy associated with the excited state, the resonance forms do become
significant, and thus may inﬂuence the visible absorption band. It is for this reason that
the dipolar form (II) is typically used to represent the excited state®®®. Which one
dominates, and to what degree, is dependant on the nature of any substituents present,

and the steric factors that may arise from them®®".

N &\ o ®
x@=—w @R,Rz —_— X=<:>=N—N=<:>'—:NR,R2
@

(In

Figure 1.2.6: Canonical forms of a substituted aminoazobenzene

One of the more interesting characteristics of azo compounds is the frans/cis

36,56,64,66

isomerization that can occur Figure 1.2.7 shows the two forms present with

respect to azobenzene®®.  Studies have shown the trans form to be the predominant
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form, which may change to the cis form upon irradiation, with a photostationary state
between the two isomers achieved very quickly®>#>%%64%¢ " Cattaneo and colleagues have
examined the mechanisms of the isomerization and discovered that there are two
probable mechanisms of isomerization: Torsion around the N=N bond, or inversion of
one nitrogen atom®. Through a series of intense computational models, they found that
torsion is preferred for ground state or thermal isomerization, while inversion is

favoured upon n-n* excitation.

N=N

Trans-Azobenzene Cis-Azobenzene

Figure 1.2.7: Isomers of azobenzene

Due to the large difference in spatial arrangement between the two forms, the
isomerization process may influence the absorption band. The isomerization of trans-
azobenzene (TAB) illustrates this point. In TAB, the n- n* excitation produces a visible
maxima at 316 nm, while the n- ©* excitation produces a much weaker band at 447nm.
The trans form may undergo photoisomerism to the corresponding cis form, which has
the corresponding bands at 260 and 440 nm, for the n-n* and n-n* transitions,
respectively®®.  However, given that the predominant form is the frams, and that
substitution of the azo chromophore typically pushes the n-n* band to longer

wavelengths (overlapping the n-m* transition), the change in the observed absorption
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band tends to be limited. This however does not apply with regards to polarization,
configuration, or electro-optical properties, and the photoisomerization of azobenzene
dyes is the main reason why these compounds have been examined as potential

. . . 464
molecular switches and photoresponsive materials****¢7,

iv) Substituent effects

As aforementioned, the resonance hybrids can affect the position of the visible
absorption band. Because the wavelength of the visible absorption band is directly
related to the energy difference between the ground and excited states (Equation 1.2.1),
resonance theory concludes that any alteration to this energy difference, resulting from
changes in electron migration between the two forms, will alter the visible absorption

3363 For example, if substituent “X” in Figure

band, and hence the colour or the dye
1.2.5 exhibits electron-withdrawing capabilities, the migration of electron density will be
enhanced, thus lowering the energy of the excited state (Form II), thereby shifting the
absorption band to higher wavelength (lower energy). This type of shift of the
absorption band to longer wavelengths is termed bathochromism®**"#*%,  This effect
will also occur should “R;” and “R,”, on the amino group, be electron donating (thereby
increasing the ‘donating power’ of the donor component and stabilizing the excited
state). If electron donating groups are present on the azo component, and electron-
withdrawing groups on the donor group, then the shift either will be small, or the excited
state will be destabilized to such an extent that the energy difference between levels

increases, resulting in a shift to shorter wavelengths. This type of shift is termed a

hypsochromic shift®.
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A large degree of the colour variation noted in azobenzene derived dyes is a
direct result of substitution of the diazo or coupling component3'6’43 S8-59.63.6688 - Ag
already mentioned, the change in the visible absorption band arises from the degree of
stabilization imparted by a substituent, and any substituent that stabilizes the excited
state (Figure 1.2.5, form II) will reduce the energy difference between the states and
result in a bathochromic shift. Thus, the substituent X on the diazo component can have
a large influence on the position of the absorption peak depending on whether it
withdraws or donates electrons (although no formal removal or donation of electrons
actually occurs?’). Bathochromism is typically caused by the presence of electron
withdrawing groups, which allow greater stabilization of (II), thus bringing it closer in
energy to (I). Electron-withdrawing groups in the para position typically produce the
greatest shifts®>” 8.66,

Substitution in the coupling residue will also affect the absorption maxima,
although not necessarily in the same manner. Given that the degree of charge migration
determines the position of the absorption band, the presence of electron donating groups
on the coupler residue, or on the amino nitrogen, will bathochromically shift the band.
A common example of this can be seen when the “R” groups on the amino nitrogen are
alkyl. The ‘donating power’ of the donor component is increased, hence the
bathochromic shift. However, should the alky chain itself be substituted with an
electron-withdrawing group, such as a cyano, a hypsochromic shift can result. The
cyano group effectively hinders donation though the conjugated system, thereby raising
the energy of the excited state. The wavelengths of some substituted azo dyes of type

(D), are given in Table 1.2.1%.
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Table 1.2.1: A, values of substituted azobenzene

s R;
X N=N N
Ry

R] Rz X ;\'max (nm)
H H H 385
H Et H 400
Et Et H 415
C,H4OH C,H4OH H 407
C,H,Cl C,H,CI H 397
C,H,CN C,H,CN H 382
H H NO, 444
H Et NO, 468
Et Et NO, 490
C,H,OH C,H,OH NO, 475
C,H,Cl C,HyCl NO, 446
C2H4CN C2H4CN ’ NOZ 432

The effect of electron-donating groups on the diazo component is not as
straightforward as with electron-withdrawing effects. For example, while the addition of
a methyl or a methoxy functional group to the diazo ring will not cause a significant
change in the absorption band, the addition of a dimethylamino (N(Me),) group will
result in a noted bathochromic shift®>. This led Peters to postulate that the introduction
of a dimethylamino group introduces an extra p-orbital with two electrons, which
effectively raises the energy of the highest occupied orbital relative to the unoccupied
orbital. Since this will lessen the energy difference between the two states, a
athochromic shift is expected®®. Additionally, the addition of an electron-donating
group to the diazo ring that already contains an electron-withdrawing substituent can
result in a bathochromic shift, depending on the positions of the substituents®>~%%3. A
final example, of the somewhat non-intuitive effects that electron donating substituents

may impart on the diazo ring system, can be seen in a comparison of julolidine and
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lilolidine (Figure 1.2.8)%. When compared to the unsubstituted forms (X=H), if X=0OMe
julolidine displays a 10 nm bathochromic shift. However, the lilolidine structure
displays a 8 nm hypsochromic shift. This is due to the limited ability of the terminal
nitrogen of the liolidine structure to conjugate with the aromatic system, when

3

compared to julolidine®. The lack of conjugation results in a hypsochromic shift, which

will increase as the electron donating power of the substituents on the diazo components

increases. Table 1.2.2 provides ) data for the functionalized forms®.

g C8 Q=<}3

A: julolidine B: lilolidine

Figure 1.2.8: Julolidine and Lilolidine dyes

Table 1.2.2: Ay values for substituted Julolidine and Lilolidine dyes

X Julolidine A, (nm) Lilolidine Ap,x (nm) Ahpax (nm)
OMe 452 417 35
Me 446 422 24
H 442 425 17
Br 464 448 16
CF; 471 461 10
CN 496 487 9
NO, 521 515 6

The general conclusion that electron-withdrawing groups may cause a
bathochromic shift allows a correlation between Ayax and the Hammett constant of the
substituent to be made. Previous reports have examined this phenomenon and attempted

to draw relationships between the Hammett constant, o, and the Am. value, with
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increasing Amax values coinciding with increases in the value of 6°¢°%. The correlations
strongly depend on the substituent pattern, and fail for ortho substituents. However, the
general relationship is good for qualitative determination of the position of an absorption
band. Hammett constants are the sum of the total electrical effects of a functional group
attached to a benzene ring, and combine the inductive, field and resonance (or
mesomeric) effects®.

The inductive effect relates the degree of polarization of a bond, which is the
direct result of polarization of an adjacent bond. For example, in chloroethane the
carbon-carbon bond is polarized (towards the alpha-carbon) as a result of the electron
withdrawing power of the chlorine substituent®. Field effects are similar to, but greater
in importance than, inductive effects, and are transmitted through space (solvent) and
not through bonds. Lastly, the resonance effect dictates the degree of charge density in
an aromatic ring, as shown in Figure 1.2.9. In Figure 1.2.9, NH, is an example of a +M

group, which donates electrons by resonance®’.

S5

Figure 1.2.9: Resonance effect in aniline
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v) Steric Effects
While the presence of electron-donating groups or electron-withdrawing groups
aids in predicting the position of the absorption peak of a given dye, the position of the

45,58-59.63 " The steric

substituents may result in large deviations from the expected value
effects imparted by the substituents may alter the nature of the visible band, and it is for
this reason that, for most substituents, one is not able to simply sum the Hammett
constants to obtain a relative idea regarding the position of the absorption peak®. In
particular, the steric effects associated with ortho substituents are typically greatest,
hence the lack of any concrete Hammett constants for this position.

Steric hindrance of an azo dye is typically overcome by a rotation around a
single bond. This rotation, as a rule, results in less p-orbital overlap for the system, and
thus raises the energy of the excited state (relative to ground), causing a hypsochromic

shift in the visible band®. Figure 1.2.10 portrays the relative energy levels of the ground

and excited state when the system is sterically hindered®’.

o7 A Excited State

Eb
Energy Ea

Ground State

-

Figure 1.2.10: Change in energy between a planar (a) and a sterically hindered (b) dye
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Figure 1.2.11: A sterically hindered aminoazobenzene

A generic sterically hindered azo dye is displayed in Figure 1.2.11. Should
X=Y=7=H the visible absorption band would be found in the longer wavelength region.
However, should even one of X or Y be a substituent of reasonable size (such as X=Me,
Y=Z=H) a hypsochromic shift of 33 nm is observed relative to the unsubstituted dye5’.
In this particular instance, the electronic effects imparted by the methyl groups on the
terminal nitrogen are overcome by the steric effects imparted by the methyl substituent
on the coupler ring, thus a hypsochromic shift is observed. Interestingly enough, an
even greater hypsochromic shift is observed when Z=NO,. A non-sterically hindered
system would benefit from a bathochromic shift from the presence of a 4"-nitro
substituent. However, the greater electron-withdrawing effect of the nitro substituent
enhances the electron donating power of the terminal amino, thus making the amino C-N
bond of a higher n-character. Rotation around this bond is therefore more strained than
compared to a conventional sigma bond, thus raising the energy of the excited state
further, which results in a greater hypsochromic shift (the opposite of what
conventionally would be expected for a 4'-nitro substituted azobenzene)®.

Additionally, the nature of the substituents on the terminal amino nitrogen may

also affect the absorption band. In the case where both substituents are B-cyanoethyl
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(-CH,CH,CN), the partial negative charges that reside on the cyano functional group
cause repulsion between these two groups, resulting in a loss of planarity of the system.
This may result in a smaller hypsochromic shift than would be expected normally. This
effect also applies to the OH groups of B-hydroxyethylanilines®.

Steric effects encountered as a result of the position of substituents on the diazo
component are also noteworthy. The presence of bulky substituents on the 2'- and 6'-
positions (ortho to the azo bond) on the diazo ring can reduce the effectiveness of the
coupler residue to incur a bathochromic shift’’. Commonly, the larger the substituent,
the greater the effect, with certain cases resulting in the substituted dye having a lower
wavelength of absorption than the unsubstituted dye*®. The one exception to this is the
cyano group, due to its rod-like structure®>. Otherwise, the presence of any other
substituent ortho to the azo bond will result in a sterically hindered molecule. Figure

1.2.12 presents an example of an azo dye sterically hindered by diazo substituents®.

X

/CHzCH3
Z N=N N\
CH,CH,CN
Y
Figure 1.2.12: A 2'- 6'-substituted aminoazobenzene (Eg. X=NO,, Y=COC,H5)

Hallas and colleagues have examined the effects of ortho substituents and have
explained that the presence of a methyl substituent causes an overlap of the orbitals with
the lone electron pair of the B-nitrogen of the azo group, Figure 1.2.13°%%%. This results
in a rotation around the C-N bond to alleviate the strain. However, should X=Y=Me, the

steric effects cannot be overcome by the simple rotation shown in Figure 1.2.13, thus a
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large hypsochromic shift is observed (383 nm, Z=NO,) when compared to the parent
dye (453 nm, X=Y=H, Z=NO,)®*. Thus, with regards to conventional textile production
of azobenzene derived dyes, it is sterically disadvantageous to incorporate large

substituents in the 2'- or 6'- positions due to the loss of colour which would be observed.

Q5.0 OF

Figure 1.2.13: Rotation around C-N bond to alleviate steric strain

vi) Hydrogen bonding
An interesting property of azo dyes is their ability to exist in the azo form, or the

hydrazone form (Figure 1.2.14)'%356,

Equilibrium between the two forms is typically
achieved very quickly, and is solvent affected. This phenomenon has been well studied
since the early 1900s when it was discovered that formation of a hydrogen bond between

an azo nitrogen and a nearby hydroxyl (Figure 1.2.15), may favour the azo form, since

there would not be a removal of the hydrogen from the oxygen®>.

N /) —OH N O
4 O / : :
N NH
Azo tautomer Hydrazone tautomer

Figure 1.2.14: Azo-Hydrazone tautomers
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Figure 1.2.15: Intramolecular Hydrogen bonding

Typically, the formation of an intramolecular hydrogen bond results in a
bathochromic shift, which is evident when comparing the spectra of those dyes
illustrated in Figure 1.2.16”. The parent dye (R=H) absorbs at 486 nm while the
substituted dye (R=COOH) absorbs at 493 nm due to the hydrogen bond that forms
between the carboxylic hydrogen and the o-nitrogen of the azo group. The
phenomenon of hydrogen bonding or protonation of the azo nitrogens is closely related

to the acidic tautomeric equilibrium discussed below.

/ N\

O2N‘©‘N\ Et
N N

Et

Figure 1.2.16: H-bonding (R=COOH, OH, NH,;) in ortho-substituted azobenzenes

vii) Thiophene derived azo dyes

Generally, the nature of bathochromic or hypsochromic shifts resulting
from substituent effects, which apply to azobenzene dyes, also apply to the thiophene
derived azo dyes, and there have been a number of papers exploring the properties of

50,60-62,68,70-74

thiophene related azo dyes The presence of the sulphur atom within the
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ring structure of the diazo component acts as an additional electron-withdrawing group,
due to the available 3d orbitals. In addition, substituent effects tend to be more
effectively transmitted than when compared to azobenzenes, due to the diene-like
character of the thiophene ring. Thus the presence of a nitro substituent on the
thiophene ring will cause a larger bathochromic shift than observed for the analogous

58 Furthermore, the fact that the thiophene ring system has less resonance

azobenzene
stabilization than benzene typically results in a bathochomic shift for the dyes due to the
difference in energy between the ground and excited states being lessened®®®®. This is

illustrated by comparing the two examples given in Figure 1.2.17%. The azobenzene dye

absorbs at 463 nm in ethanol, while the nitrothienyl derived dye absorbs at 573 nm.

NO, NO,

N _CH,CH,0H _CH,CH,0H
\ N=N N H;COC N=N N

d CH,CH,CN CH,CH,CN

H;COC

Figure 1.2.17: Comparison of an benzene and a thiophene derived azo dye

viii) Solvent effects

Absorption bands arising from n-n* transitions typically exhibit a hypsochromic
shift on increasing solvent polarity. Conversely, m-n* transitions display bathochromic
shifts”>.  Since, with respect to azobenzene dyes, the m-n* transition is of greater
significance, bathochromic shifts are expected. Upon changing polarity from a less
polar to a more polar solvent, if a bathochromic shift is observed, the dye is said to
exhibit positive solvatochromism.  Conversely, should a hypsochromic shift be

observed, it would be termed negative solvatochromism. With regard to 4-
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aminoazobenzene dyes, the ground state is less polar than the excited state (Figure 1.2.5
(I) and (ID), respectively). Thus, a polar solvent will typically have little effect on the
ground state (I), but will greatly stabilize the dipolar excited state (IN®. The
stabilization of the excited state will cause a bathochromic shift, analogous to how
electron-withdrawing groups in the diazo component stabilize the excited state. The
presence of water in the solvent may also create a bathochromic shift, through
intermolecular hydrogen bonding. However, this effect may be counteracted by
intramolecular hydrogen bonding which prevents water molecules from encroaching on
the azo bridge®!. The nature of water effects is readily explained by examining the effect
of acidic media on the visible absorption profile of a dye.

Acidic conditions remove the n-n* band and shift the absorption band by
creating a tautomeric equilibrium between the azo dye and its protonated form>>33-36:60.63
The change in the absorption peak of the protonated analogue, when compared to the
neutral form, is termed halochromism. Positive halochromism represents a
bathochromic shift, while negative halochromism a hypsochromic shift. Figure 1.2.18
shows the protonation sites of an aminoazobenzene derived dye®. Increasing the
acidity of the solution will, typically, create two distinct absorption bands, one in the 320
nm region, the other falling in the range of 500-550nm. The former band is attributed to
protonation of the amino nitrogen, form (II) in Figure 1.2.18, while the longer
wavelength band is attributed to form (IlI).  The reason that the ammonium cation falls
at a lower wavelength arises from the fact that the effective electron-donating power of
the terminal amino substituent is reduced upon protonation, thus resulting in a

hypsochromic shift.
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Figure 1.2.18: Tautomeric Equilibria existing in acidic solution

Forms (III) and (IV) in Figure 1.2.18 represent the charge-resonance system of
the azonium cation®. It is interesting to note that (IV) best represents the ground state,
thus the visible absorption band is attributed to a migration in electron density away
from the B-nitrogen atom (the opposite of neutral dyes). Thus, the presence of electron-
withdrawing groups in the azo component (X=EWG), results in a lessening of the
expected bathochromic shift®*$3%. Conversely, the presence of electron donating
groups in the azo component will result in an increased bathochromic shift, or greater
positive halochromism. Figure 1.2.19 presents the relative energy levels of the azonium
cations when the substituents display electron-donating (a) and electron-withdrawing (b)

6365 Ea (the energy gap for an azonium cation containing electron-donating

properties
groups) is smaller than in the neutral from due to an electron-donating group increasing
the energy of the ground state but stabilizing the energy of the excited state, while an

electron-withdrawing group will stabilize the ground state in addition to increasing the

excited state, thus increasing the energy gap (Eb).
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Figure 1.2.19: Comparison of energy levels between electron-donating substituents (a)
and electron-withdrawing substitutents (b) on an azonium cation

The presence of electron donators in the coupler residue will have a large effect
on the basicity of the B-nitrogen atom, since the electron density on the B-N will be

greater with increasing electron-donating ability of the substituents. The increased

35,63

basicity will result in a higher degree of protonation at this site Alternatively,

should there exist a substituent in the 2' or 6' position of the diazo component, then
overlap of the substituent with the lone pair (Figure 1.2.13) will occur and result in

decreased protonation due to steric hindrance®’.



1.2.3 Novel Frontiers for Azobenzene compounds

Traditionally, the role of azobenzene related dyes have focused on the colouring
of textile products, with the original application being to cover up the natural
discoloration of early plastics®”. The inclusion of azo compounds into polymeric
materials was largely limited to dyeing of natural and synthetic fabrics such as polyester,
cellulose acetate, and nylon, and numerous reports are given detailing the so termed
‘fastness properties’ of these dyes on the respective fibers6-3743:58-59, However, with the
explosion of macromolecular science, azo compounds began to be used more and more
to simply increase the attractiveness of polymeric materials®”.

One of the main drawbacks to early colouring of fibers was the inability of the
colour to persist over time. Every class of dye behaved in a slightly different manner,
and fading, as a result of wash out, or chemical change, was a genuine concern. It was
for this reason that researchers began to examine the possibility of covalently bonding
the dye chromophore to the polymeric material in the attempt to synthesize a
‘permanently’ coloured plastic. Millikan was one of the first to succeed, by producing a
coloured polyurethane as shown in Scheme 1.2.2, where R is the azo chromophore®’. |
The benefit of these polymeric dyes lies in the combination of their macromolecular

properties with the colour characteristics of the dye®*.

Scheme 1.2.2: HO-[R]-OH + OCN-[R']-NCO — -(-0-[R]-OCONH-[R']-NHCO-)-,

In addition to the dyeing of fabrics and conventional plastic materials, a newer

branch of polymer chemistry has emerged in the past decade. This being the switch
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from the design of structural linkages to functional linkages. Conventionally, polymer
chemists were more interested in the bulk properties of the polymer, and less so on the
actual functionalization of the polymer. Thus, a polyester, for example, was
characterized by its molecular weight and not by any specific reactivity or property of
the ester functional group*. However, with recent developments in photoresponsive
materials, electro-optical properties and electronic storage devices, there has been a
movement towards functional polymers that are tailor made for a specific function as a

.75 A distinction needs to

result of the specific functional group used in the synthesis
be made from methods utilizing polymers as supports for specific functional groups, and
functional polymers. The latter may have the functional group placed in the backbone,
side chain, crosslink, etc, while a supported functional group is almost always positioned
as a side chain (since the polymer serves as a ‘carrier’ only). Moreover, a functional
polymer will undergo a transformation if the functional group changes, whereas a
support polymer will typically not exhibit any changes when the functional group is
altered*.

Azo compounds are uniquely suited for use in functional polymers, given that
they may undergo photo-induced isomerization (which alters the polarity of the
molecule), and that the chromophore units are characterized by efficient electron
mobility**. Interestingly, with regards to textile applications, the isomerization of azo
compounds was conventionally looked upon as a detriment, since the colour could alter

slightly and become duller with formation of the cis form®. However, with the advent

of functional polymers, the previous isomerization ‘problem’ has created a whole new
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area of polymer research. The numerous applications for functional polymers

incorporating the azo functionality are summarized in Figure 1.2.20%.
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Figure 1.2.20: Functional Approach to Polymer applications

i) Nonlinear Optical Properties

It is necessary to explain, albeit briefly, the basis of nonlinear optical (NLO)
properties and why azo compounds are of interest as second order non-linear optical
molecules. The examination of non-linear optical properties touches many disciplines of
science from chemistry and physics to material science. Non-linear optical properties

arise from the interaction of an electric field (i.e. a light source) with a molecule, thus
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polarizing it. These interactions vary depending on the molecules, and range from a
change in refractive index to emission of light. In the case of a molecule that displays
linear optical properties, the refractive index is independent of electric field, and any
emitted light is of the same frequency of the parent. This is not true for non-linear
behaviour. It is this non-linear response to the electric field that provides the useful
properties now being exploited”®”®.

The field of non-linear optics can be referred to as photonics, in analogy to
electronics (with photons taking the place of electrons)’®. The drive towards optical
devices has progressed considerably in the past decade, and is spurred by their improved
speed (optical switches can be orders of magnitude faster than their electronic
counterparts), and their ability to be relatively free of electronic and magnetic
interferences and “cross-talk’’.

Two of the larger applications with regard to non-linear optical properties reside
in the use of electro-optic devices and second harmonic generators (SHG). Electro-optic
devices are those which exhibit a change in refractive index, while SHG are immanently
useful for optical storage devices. The benefit of SHG (also termed frequency doubling)
arises from the fact that the storage capacity of a focused beam of light is proportional to
the frequency of the light. Thus SHG (which produces light of double the original
frequency, and thus lower wavelength) can alter infrared light into blue light, thus

increasing optical data storage capabilities™ .

The types of compounds exhibiting NLO properties are gliverse. However, in

general, a mobile set of & electrons is needed. Thus polymers (including conjugated and

those with side chain chromophores), azo compounds, heterocycles, and transition metal
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%% In general,

complexes (such as ferrocene derivatives) have been examine
polymers are the most familiar type of non-linear media employed, and commonly have
their chromophores aligned in such a way (termed ‘poling’) as to maximize their non-
linear optical properties. Poling requires the application of an electric field at
temperatures near the glass transition temperature of the polymer.  Polymers
incorporating dyes potentially allow for the poling process to be followed visually.
Polymers incorporating the dye Disperse Red 1 (Shown in Figure 1.2.21) displayed a
colour change from red/orange to purple during the poling process, thus the degree of
poling could be followed based on the change in the absorption band’®. Azo dyes
themselves are classified as second order non-linear optical materials, which accounts

for their ability to be used as SHG and electro-optical devices’®.

Incorporation of these
dyes into polymer systems may result in interesting properties ranging from

photoviscosity and photomechanical properties to alteration of solubility with

irradiation**.

/ \

Ozl\L—@-‘N\ Et
N N

EtOH

Figure 1.2.21: Disperse red 1

ii) Polymers containing the azo functionality
As outlined above, azo compounds display second order non-linear optical
properties, and the isomerization associated with these compounds is of interest with

respect to functional polymers. The benefits of incorporating the azo functional group
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into a polymeric material are manifold. In addition to the fact that the chromophore
allows one to study the orientation and structure of the polymer, the morphology, glass
transition temperature, solubility, and thermoproperties of the polymer may change with

85-87

isomerization of the chromophore Thus, functional polymers utilizing azo groups

may be used in liquid crystal display devices, thin film sensors, and as optical
connectors and data storage devices®**°.

Polymers may incorporate azo chromophores as side chains or as part of the
polymer backbone.  Moreover, it is possible to diazotise the polymer post
polymerization. For example, Scheme 1.2.3 illustrates the coupling reaction used to

8 The resulting multi-layer polymer

prepare a functionalised poly(acrylic acid) polymer®
films displayed a SHG effect without -poling, which was attributed to a well-ordered

chromophore film resulting from layer by layer post azo functionalization®®.

-€CH2—(|:H>-<CH2—(’:HA) diazo coupling fcnz——ICH%{CHZ——ICH—)

coon COOR coon COOR'

R =—CH2~—CH2—II\I—© R =—CH2—CH2—ITI‘®*N:N4©—NOZ
C,Hs

C,Hj

Scheme 1.2.3: Post polymerization diazotization

Wang and colieagues utilized a similar post polymerization coupling to produce
polyelectrolytes (PEL). The UV properties of these azo compounds did not change upon
inclusion into the polymer, and the polyelectrolytes displayed isomerization rates that
were dependant on the structure of the azo chromophore. Moreover, as a result of the
azo chromophore, the PEL displayed optical dichromism that could be erased and

rewritten. These types of polymers show promise as unique ultrathin multilayers, and
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stimuli responsive materials®’. A recent report by Natansohn and colleagues outlined the
preparation of azo-tetraphenyldiaminobiphenyl polymers that exhibited photoconduction
and electro-optic properties (Figure 1.2.22). They found that increasing the
concentration of the azobenzene group in the polymer caused a bathochromic shift. This
is in contrast to the normal hypsochromic shift associated with increasing the
concentration of azobenene groups present as side chains, which is explained in steric
terms as an anti-parallel arrangement of the side chains. With regards to the azo-
tetraphenyldiaminobiphenyl polymers, the authors surmised that the polymer was not

flexible enough for a significant anti-paralle] arrangement to occur®’.

% aYatoll R
el S

Figure 1.2.22: Azo-tetraphenyldiaminobiphenyl polymer

Inclusion of the azo chromophore into the backbone of the polymer has also been

d*®!. McGrath and colleagues examined the isomerization of an azo

examine
dendrimer, which displayed a large change in conformation with the corresponding
isomerization. The formation of the cis isomer altered the absorption profile of the
dendrimer, but was reversible upon relaxation in the dark or irradiation with sunlight®.

Figure 1.2.23 illustrates the changes induced by isomerization®.
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Figure 1.2.23: Photoresponsive dendrimer

Another recent report has communicated the preparation of polymeric catalysts
containing azo dyes (Figure 1.2.24)°>. The polymers are soluble and allow facile

monitoring of catalyst concentration, and separation and recovery from the reaction
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mixture’>. The organic catalyst was reusable for up to four cycles with no significant

loss of activity. The catalyst incorporating palladium was less robust, as some

.. 2
decomposition was observed upon use®”.

H o HN ’ ., Pd_
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Figure 1.2.24: Azo-catalysts
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iii) Azo dyes incorporating transition metals

The inclusion of transition metals into polymers or compounds containing azo
functionalities allows one to harness the benefits associated with the transition metal
(redox properties, magnetic characteristics, reactivity) in addition to those of the
polymer (mechanical properties, processability) and the azo dye (colour,
photochromism, solventochromism)”®. These compounds can exhibit unique electronic
properties, and can be used as liquid crystal devices, fluorescence quenchers or highly
coloured polarizable polymers”¢.
Two recent papers have examined rhenium and rhodium complexes

7% The complexes, illustrated in Figure 1.2.25,

incorporating azo chromophores
displayed intense bands in the UV and visible region of the spectrum’®®. The Re

complex displayed an absorption band arising from charge transfer between the metal
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and the diimine®’, while the Rh complex displayed distinct bands in the UV region from
transitions within the ligand orbitals and a band in the visible region attributed to an
intra-ligand charge transfer’®. In addition, the cyclic voltammegram of the Rh complex
displayed an oxidation potential that was dependant on the nature of the substituent R.
The potential increased linearly with increasing electron-withdrawing power of the

substituent, for example, E;»: OMe, H, NO,: 0.65V, 0.81V, 1.10V, respectively98.

R
R = OMe, Me, H, Cl, NO,

—N _ Rh(PPh,),CI
N /NQN NOOC18H37 N\\N A 3)2
0

€
oc”/ \ e
oc co

H,C

Figure 1.2.25: Re, Rh complexes incorporating azo chromophores

Other research has focused on ferrocene and its effect on dye properties. Tian
and colleagues have examined the presence of ferrocene in small dye structures (Figure
1.2.26 A, BY’*®. The presence of the ferrocene unit reduced the excited state of the
naphtalimide dye through intramolecular electron transfer, and the quenching was
observed to decrease upon oxidation of the ferrocene unit. Nishihara and coworkers also
examined ferrocene in oligomers and polymers bridged with azo units (Figure 1.2.27)%.
The organometallic compounds displayed longer wavelength bands than azobenzenes,
and displayed altered absorption peaks with oxidation of the ferrocene units. A band at
672 nm was observed upon oxidation that was attributed to a ligand to metal charge

transfer band from the = orbital of the azo group to a Fe(IIl) d orbital’®.
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Figure 1.2.26: Ferrocene based dyes
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Figure 1.2.27: Azo bridged ferrocene oligomer (A) and polymer (B)

Continuing the work on ferrocene polymers, Manners et. al. have examined the

poly-(ferrocenylsilanes) illustrated in Figure 1.2.28"°. The polymers are potentially
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useful as non-linear optical materials, and displayed interesting thermal properties, as the
melting and thermal decomposition of the polymers occurred at a lower temperature

(150-180°C) than the uncoupled azo compound and parent polymer (approximately

Q-
\ @ gR @'SEH:_X

X
R=— (CH2)60-©—N=N‘©‘ OC5H11
R =— (CHZ)I IO_QN=N©—OC5H1 1

Figure 1.2.28: Poly-(ferrocenylsilane)
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1.2.4 Photochemical and Thermal Stability of Azobenzene derived dyes
i) Introduction

The earlier studies pertaining to degradation of azobenzene related dyes focused
on the colour of dyed fabrics, and thus much of the work was concerned principally with

the fading of colour from the fabrics over time or with irradiation***"%%°,

A minor
amount of work was done in organic solvent systems, however development of light-
fastness properties proceeded with respect to the fibers themselves, and not
photochemical theory'®'%%. A large majority of the early research studied effects that
were observed for aminoazobenzenes substituted in the diazo component ortho to the
azo bridge (positions 2', and 6').

Investigations into these types of substituted azo compounds found that the
presence of an ortho substituent may adversely affect the stability of a dye. In particular,
the presence of an ortho nitro group (structure shown in Figure 1.2.29) prevents electron

delocalization along the azo bond, due to the proximity of the oxygen*’. This

localization of electron density on the azo group causes the C-N bond near the coupling

component to become amenable to scission*>®’.
O
Il
N—o- _CH,CH,CN
N N
=
z O NT C NCH,CH,O0H
Y

Figure 1.2.29: A 2'-nitro substituted aminoazobenzene

With respect to azo dyes, degradation processes typically occur via a reductive or

oxidative mechanism. Studies involving the photoreduction of an azo dye have shown
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the presence of a substituted hydrazobenzene, as shown in Figure 1.2.30°". However,
reduction processes typically will not occur in the presence of oxygen, and indeed for
certain instances, the photoreduced product was observed to reform the parent azo dye

%' Oxidation processes are thus more

when oxygen was brought back into the system’
common, and typically result in the formation of aromatic amines, however product
identification is difficult at best’’. Oxidative degradation causes a hypsochromic shift in
the absorption band and, with respect to dyed fibers, usually results from excessive

humidity. With regards to solution chemistry, oxidation processes are quite common,

and may be initiated via a number of different compounds.

2 N
H H Et

Figure 1.2.30: Hydrazobenzene structure

ii) Remediation of azo dye contaminants

As mentioned above, the initial interest in dye stability was focused on industrial
and consumer concerns. However, with the increased awareness, beginning around the
1970s, of water quality and textile waste, there has been a large shift to the examination
of remedial techniques with regards to azo dyes. Of particular concern is that, being
highly coloured, an azo dye present in solution at a concentration of 1 mg/L is still
visible'®.  Azo dyes are the largest class of dye compounds used, and while their
environmental input (low tonnage/day) is lower than other contaminants of interest (for
example, pesticides and detergents which have emissions on average of 1000s

105

tons/day)™, the aforementioned colour problem combined with their tendency to resist
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104-106

degradation processes pose considerable environmental concerns Of particular

note is that many dyes are not biodegraded in aerobic conditions found in conventional
sewage treatment plants, and are not readily degraded via the direct absorption of visible

19 In addition, while the acute toxicities of azo dyes are generally

or ultraviolet light
low (1000-2000 mg/kg), the chronic toxicities are somewhat of an unexplored field,
although there have been a number of dyes that have exhibited carcinogenicity in rats'®.
It is for the above reasons that new rigorous water quality guidelines have been imposed,

107

especially in Europe, on wastewater effluent Although dyes enter the environment

via manufacturing, industrial colouration plants and even houschold use, by far the

greatest contributor is the textile colouration industry'%.

Thus there has been a push to
generate new, cost effective, remediation techniques with respect to this problem. These
newer techniques tend away from flocculation and coagulation processes that simply
transfer the pollutant from one phase to another! %110,

Oxidation techniques have become one of the methods of choice for the removal
of dye contaminants in aqueous systems. The primary benefit is the potential for these
processes to be implemented within the textile plant itself as a pre-treatment for effluent.
This pre-treatment would either completely oxidize the dye, or oxidize it to a lower
molecular weight product that can be efficiently removed by conventional municipal
water treatment facilities’'!. The most common form of oxidation technique involves
the use of hydrogen peroxide, which upon formation of hydroxyl radicals, tends to

107-111

liberate the azo bond as molecular nitrogen quite quickly . A large majority of the

research performed in this field has focused on the degradation of anionic azo dyes as

shown in Figure 1.2.31"%11,
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Figure 1.2.31: Examples of azo dyes studied in aqueous oxidation studies

The presence of hydrogen peroxide in irradiated solutions creates the reactive
hydroxy! radical which is responsible for the destruction of the organic compound. The
generic reaction sequence is provided in Scheme 1.2.4, where RH is a dye molecule'™°.
The lifetime of a hydroxyl radical is very short (approximately 70 ns) and the diffusion
of the radical in aqueous systems is approximately 2 x10° cm?/s, therefore, any
oxidation reaction that may destroy an organic compound must occur where the radical
is formed, in the aqueous solution. Thus, hydrogen peroxide is not amenable to the
destruction of heterogeneous contaminants that are not dissolved in the aqueous
phase'®”. Results have indicated that regardless of the dye chosen, that a large majority
of the destruction of the dye and colour loss occurs rapidly in the first several minutes of
photolysis, with subsequent removal of total organic carbon (TOC) with further

irradiation*°.

h
H,0, ——> *0H

RH + ®OH — H,0 + °R —> Products

Scheme 1.2.4: Oxidation of an organic molecule initiated by UV-hydrogen peroxide
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There are varying techniques of oxidative removal available for organic dyes.
One such technique utilizes ferrous ions in conjunction with hydrogen peroxide (Fenton
reagent). The Fenton reaction (and photo-Fenton reaction, which incorporates UV light)
has been used largely in the destruction of Orange II (structure B in Figure 1.2.31)!#113,
The reaction scheme for the photo-Fenton process is given in Scheme 1.2.5'"2. One of
the possible drawbacks to this process is the release of Fe ions in higher concentrations
than allowed by EEB (European Environmental Bureau) regulations (2 ppm). However,
Kiwi et. al. have used ferrous ions sorbed to a Nafion fiber to limit the movement of the
ions, and have found that although attached to the fiber, the ferrous ions do successfully

aid in the degradation of Orange II'"*.

Fe'? + H,0, — Fe™> + OH  + ®OH

1\ +2

Fe” + H,0 — %> Fe? +e0H + H'

Scheme 1.2.5: The photo-Fenton process

A recent report by Hoffimann outlined the use of ultrasound combined with
aqueous ferrous ions''*. Sonochemical methods utilize the cavitation bubbles that form
in a solvent exposed to ultrasonic radiation. A sonochemical reactor utilizes
compression cycles that lower the magnitude of the bubble size (by increasing the
pressure), thus causing very high temperatures and pressures to exist inside the bubble
cavity. It has been estimated that temperatures between 4000-5000 K, with pressures on
the order of hundreds of bars, can exist inside the compressed bubble cavity. These
conditions cause water molecules within the cavitation bubble to form both ‘OH radicals

and H radicals that may spontaneously initiate degradation of an organic compound.
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Volatile compounds may be degraded by diffusing into the cavitation bubble, while non-
volatile contaminants may undergo degradation via the radicals that diffuse out of the
bubble and into the bulk media. Hoffmann examined the degradation of azobenzene and
a selected number of related dyes and found that the ortho substituted dyes degrade
faster than the analogous para-compounds, and that bleaching of the solution occurred
within 40 minutes with a three-fold increase in rate when Fe(Il) was added to the
solution.  Figure 1.2.32 provides a comparison of degradation products for the

compounds studied''>. The R group represents p-SO5”, 6-COO’, and p-COO".

s
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Figure 1.2.32: Sonochemical degradation pathways for the azobenzene dyes studied.
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Another process employed is wet oxidation (WO), or promoted wet oxidation
(PWO), in which high temperatures and pressures are used to initiate oxidative
degradation. The oxidation process utilizes a titanium vessel with a flow of oxygen gas,
and a temperature between 160-200°C, with pressures of 20-200 bar'%'%  These
conditions create reactive oxygen species, such as hydroxyl radicals, which can, in a
similar manner to H,O,, degrade a dye. Figure 1.2.33 provides an illustration of a wet
oxidation apparatus'®.

Cooling water

Cooling water

Cooling water

Figure 1.2.33: Wet oxidation apparatus

Lastly, but of no minor note, is the use of metal oxide catalysts for heterogeneous
photocatalytic degradation'>!7, Commonly, TiO, has been used to destroy aqueous
dye compounds, although FeOOH, Fe;03, ZnO and CuO have also been examined. The
process commonly involves sensitization through charge injection into the TiO,

115

particle The dye will become excited (dye*), and inject an electron into the oxide

catalyst. This process forms a dye radical species which may degrade, or react with
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active oxygen species (hydroxyl radical, superoxide anion radical) generated at the TiO,
particle surface. The general reaction sequence is shown in Scheme 1.2.6, where CB

denotes the conduction band of the metal oxide!'>.

dye + hv ———— dye*
dye* + MO — dye ® + MO(e )

MO(ecg) + 0, —> 0, ° + MO

dyeJr° — Products

+ -
dye ® + 0, ® ——» Products

Scheme 1.2.6: Photosensitization with irradiated TiO,

iv) Thermolysis

Azo compounds are typically not thermally stability. In fact the facile bond
breakage that occurs with respect to aliphatic azo compounds is the reason they have
found use as radical initiators in polymer synthesis (i.e. AIBN, azobis-isobutyronitrile)*.
Aromatic azo compounds, however, exhibit greater thermal stability owing to the
delocalization of electron density. The aromatic system aids in increasing the strength
of the C-N bond, thus raising the stability of the molecule. While the literature
regarding the thermal degradation of aromatic azo systems is not extensive, there have

been reports involving systems other than AIBN, including a limited overview of azo

44,118

polymers Polymers containing the azo group in the main chain, such as the

polyamides illustrated in Figure 1.2.34, display thermogravimetric analysis curves
(TGA) which indicate the onset of decomposition at 300°C*. Another study examined a
different series of azo main chain polymers (Figure 1.2.35)** and noted that the

decomposition temperatures (approximately 360°C) did not change significantly with
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alteration of the structure of the backbone, thus it was concluded that the weight-loss

was due to the cleavage of the azo bond to form molecular nitro gen*.

i
0C@N=N@C—NH—R~NH
n

NO,

R= fCHZ» H;C~ CHj al
H,C CH,

Figure 1.2.34: Azo-polyamide

{001 1 OHOHO

Figure 1.2.35: Azo functionalized polymers
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1.3 Instrumental Analysis Techniques

1.3.1 Molecular Spectroscopy
i) Ultraviolet-Visible Absorption and Infrared Spectroscopy

Characterizing a substance via absorption of ultraviolet and visible
electromagnetic radiation (emr) is one of the most time-tested analysis methods
available. UV/Vis spectrophotometry operates under a simple concept; the sample
absorbs light, thus altering the intensity of the beam. The difference in intensity is
monitored relative to a reference beam and assigned an absorbance value based on the
signal registered by the detector. The absorbance, A, and transmittance, T, of a
substance in solution is directly related to its concentration, ¢ (mol'L™), as given in
Equation 1.3.1'". In Equation 1.3.1, Py and P represent the intensity of the radiation
prior to and after passing through the tube, & represents the molar absorptivity
(extinction coefficient, L-mol”-cm™) of the analyte, and b the pathlength of the sample
vessel (cm).
Equation 1.3.1: A = -logT = log(Py/P) = gbc

UV-Vis spectrophotometers incorporate a light source, commonly a deuterium
arc lamp or tungsten filament, a splitter mechanism to pass light through both sample
and reference (resulting in the terminology of a double beam instrument), and a
photodetector such as a photomultiplier or diode array''®. Figure 1.3.1 illustrates a

119-120

common design for a double beam spectrophotometer . The need for the reference

cell arises from the scattering and reflection losses that occur when the light impinges on

119-120

the sample cell (Figure 1.3.2) . Thus a reference sample, made of the same solvent
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composition as the analyte sample, accounts for the majority of solvent and sample cell

related losses.

L] I Readont

Source Photo- [ 0 _9_ 100

Ohv Filter or . detector | Pifference r}r’s
monochromator amplifier

_f

Sample L]
cell

Figure 1.3.1: Schematic of a double beam UV/Vis spectrophotometer

Reflection losses
at inferfaces

Scattering lasses
//" in solution

Emergent
beam, P

Incident
beam, P,

-

~
Reflection losses
at interfaces

Figure 1.3.2: Reflective and scattering losses associated with UV/Vis
spectrophotometry

In principle, infrared spectrophotometry operates very similarly to ultraviolet
spectrometry, with the notable difference of the wavelength of absorbed radiation. The

infrared region falls between the visible and microwave regions and can be split into
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three sections: Near (14,300 cm™- 4000 em™), Mid (4000 cm’~ 600cm™) and Far (600
em'- 200 eml) TR119121122,

When irradiated with IR light, a sample will absorb energy resulting in change to
its molecular vibrations. In turn, these vibrational excitations are closely tied to various
rotational changes. Similar to the situation of absorption of visible light (where each
electronic state has many vibrational states associated with it), the association of the
rotational states cause the absorbance bands in the IR region to be relatively broad'?!.

There are two types of vibrations important in IR spectrometry, stretching and
bending. A stretching vibration occurs along a bond axis, while a bending vibration
alters bond angles, or the relative placement of a group of atoms in a molecule. Only
vibrations that cause an overall change in charge distribution of a molecule will be
registered through IR spectrometry. This results from the fact that the detector responds
to changes in the electric field of the IR irradiation, which arises from the coupling of
the induced electric field (from the molecule’s changing dipole) with that of the incident

121,123

IR radiation Figure 1.3.3 illustrates the common vibrations associated with IR

spectrophotometry’?!.
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(a) Stretching vibrations

e
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In-plane rocking In-plane scissoring
| Y | | y |
Out-of-plane wagging Out-of-plane twisting
(b) Bending vibrations

Figure 1.3.3: Molecular vibrations common to IR spectrophotometry (+ indicates
movement toward reader, - denotes movement away from reader)
iii) Nuclear Magnetic Resonance Spectrometry

Nuclear magnetic resonance (NMR) spectrometry is one of the most widely used
analysis techniques in chemistry. The technique makes use of the fact that under an
applied magnetic field, nuclear energy states are split into discrete energy levels! !>,
The number of levels created depends on the spin quantum number, I and is given by
2nl+1. Common nuclei of interest in NMR studies include 'H, C, 19F, and *'P. These
nuclei all have a spin quantum number, I, of %2. Thus, upon application of an external
magnetic field, they will be split into two levels, a +Y% state and a - state. Figure 1.3.4
illustrates this phenomenon, where N represents the populations of the two states, a and

B''°. The lower level has a slightly higher population than the B level, with the energy

difference between the two levels, AE (J), dependant on the magnetogyric ratio (y, a
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constant for a given nucleus, radians-T™+s™), Planck’s constant (h, J-s), and the magnetic
g

field strength (Bo, T), as shown in Equation 1.3.2'%.

ET sin=-1.p
1=; N
Spin =+ %,a

HT B, Fa

Figure 1.3.4: Splitting of levels under a magnetic field (magnetic field direction parallel
to the ordinate)

Equation 1.3.2: AE = (hy/2m)By

Once the degeneracy is removed, application of a radiofrequency pulse will
cause a net absorption of energy causing the population of the higher state to increase.
The frequency of radiation (v, Hz) required is related to AE, and thus directly related to
the magnetic field strength, B, through Equation 1.3.3. If one envisions the nuclei as
precessing around the z-axis (the direction of the applied magnetic field), then the
application of a 90° radiofrequency (rf) pulse will direct the magnetic moments (i) of
the nuclei to lie within the xy plane. A receiver coil placed in this plane will detect the

119,121

magnetization of the nuclei as it relaxes back to the z-axis . Figure 1.3.5 illustrates

the precession of the nuclei in an applied magnetic field along the z-axis' .

Equation 1.3.3: v= (y/2m)By
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Figure 1.3.5: Precession of a nucleus under the influence of an external magnetic field

NMR spectra display peaks on a frequency ordinate. The frequency domain is
produced via Fourier Transformation of a signal acquired in the time domain. The
individual peaks, corresponding to individual nuclei on the molecule, will appear at
different frequencies depending on the chemical environment they reside in. The
chemical shift of a peak (8), which is defined as the resonance position of the peak of
interest relative to a reference compound (8 (ppm) = frequency of absorption in
Hz/spectrometer frequency in MHz), is related to the effective field experienced by the
nuclei. The effective field arises from the electron density present near the nuclei of
interest. For example, the protons of CH;Cl have less electron density associated with
them than in CHy, thus they are observed ‘downfield” (3-4ppm), compared to CH, (= 0.9
ppm), since they are effectively deshielded by the chlorine!’®. The simple concept of
electron density is useful in a cursory explanation of chemical shift, however, in truth
the situation is rarely that simple. One must examine effects of magnetic anisotropy to

better understand and predict chemical shifts.
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Electrons under the influence of a magnetic field will circulate, thus creating an
induced magnetic field. For example, in aromatic systems the application of By creates a
ring current of electrons perpendicular to the applied field. This in turn creates an
induced magnetic field in the same direction as the applied field at the aromatic protons.
This lowers the external rf field necessary to bring the protons into resonance, thus they
absorb (resonate) downfield at higher ppm values (= 7ppm)*'*!*1. Figure 1.3.6

illustrates this phenomenon'"’.

Figure 1.3.6: Deshielding of aromatic protons

In addition to the chemical shift being affected by neighbouring atoms, the
appearance of the peak itself can change depending on the nearby nuclei in a process
termed spin-spin splitting. With regards to 'H NMR spectra, a proton signal will be split
for each non-equivalent neighbouring proton in close proximity (typically 3-4 bonds
removed). Coupling arises from the tendency for neighbouring spins to pair themselves
with the spin of the nuclei of interest. As an example, the protons of ethane are all

equivalent and thus would show as a single peak. However, in chloroethane
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(CICH,CH3) the methylene group is not equivalent to the methyl group, and will be split
into a quartet, while the methyl would appear as a triplet. The peak multiplicity is
governed by [2(I)(n)+1], where n is the number of neighbouring protons and I is the spin
quantum number of the neighbour. The value in Hz for the distance between the peaks

is termed the coupling constant, J11%12!,

1.3.2 Thermal and Chromatographic Techniques
i) Thermogravimetric Analysis (TGA)

Thermogravimetric techniques monitor the mass of a substance as a function of
applied temperature''”'*2?* " The instrument is illustrated in Figure 1.3.7"%. A balance,
holding the sample pan, is enclosed in a furnace that is heated during the course of the
analysis. Changes in the mass of the analyte are recorded with temperature. The
balance beam is commonly made of quartz or ceramic, as temperatures up to 1000°C are
common. A flow of inert gas is typically introduced into the sample area to prevent
oxidation of the sample during analysis. TGA techniques are commonly employed in
polymer chemistry to determine the temperature resistance of a material, which is of

paramount importance with regards to its application purposes.

sampie containnr Suspeneng i

i
i

tonatonel icﬂzmlév»'.'.'f;ig;ﬂ

Figure 1.3.7: TGA apparatus
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ii) Gel Permeation Chromatography (GPC)

Also known as size exclusion chromatography, GPC determines the average
molecular weight of large molecules. Commonly used for polymer analysis, GPC works
similarly to conventional chromatography techniques, however, there is one important
difference. In GPC, no interaction of the analyte with the column’s stationary phase
occurs. Separation of species is accomplished via the ability, or lack thereof, of a
sample to enter into the pores of the stationary phase (Figure 1.3.8)'*2. The smaller the
analyte (i.e. the lower the molecular weight) the greater is its ability to enter the pores,
thus requiring a longer time to pass through the column. Conversely, high molecular

weight samples have less “freedom of movement’ and tend to elute first.

stationary phase particle

pore size

volume
Figure 1.3.8: Relation between analyte particle size and elution order in GPC

Molecular weights are determined via a calibration graph commonly constructed
from polystyrene standards. GPC provides two important molecular weight values: Mw
and Mn. It is important to note that for a given polymer peak eluted, there may be
polymeric chains of differing length within that peak. If Ny is the number of different

chain lengths present, then the weight fraction of each chain is NyM,. Mw represents the
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weight average molecular weight, and relates the mass of the chains N M) to the
weight fraction. Mn, however, relates the weight fraction to the total number of
polymeric chains in the sample (Equation 1.3.4 A and B)'?*. The two values can be used
together to determine the polydispersity index (PDI), which relates the range of
molecular weights present in a given sample. The higher the PDI, the greater the range

of molecular weights in the eluted peak.

Mo ZNMS Mo ZN:M,
Equation 1.3.4: ZN,M, ZNy
A B

iii) Gas Chromatography-Mass Spectrometry (GC-MS)

Coupling mass spectrometry with a gas chromatograph allows simultaneous
separation and mass spectral analysis of complex mixtures. The sample is effectively
separated using a capillary column in conjunction with a suitable GC temperature
program. Upon leaving the column the eluate is passed through an interface en route to
the mass spectrometer. The analyte is then ionized, conventionally by an EI source, and
passed through a mass analyzer (i.e. quadrapole, magnetic sector, time of flight) en route

to the detector (commonly a channel electron multiplier)'!*122,
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1.4 Chemical Actinometry

Determining the intensity of a light source is a key step in photochemistry
experiments. It is required in order for the quantum yield (@, the amount of chemical
conversion / amount of photons absorbed) of a photochemical reaction to be calculated,
and is needed if an interlaboratory comparison is to be made. The most common means
of calculating the intensity of a light source is via a chemical actinometer. An
actinometer is a substance that has a known quantum yield, which is preferably near
unity. Moreover, the compound should be versatile enough to accommodate a variety of
photolytic conditions and wavelengths. Upon irradiation, the compound must cleave to
yield readily detected products that do not absorb at wavelengths near those of the
actinometer'2'?®. The actinometry experiments must be performed under low light
conditions, and should necessarily use the same apparatus and glassware employed in
the photolysis experiments for which the intensity of light is required.

Historically, a number of compounds have been examined as potential
actinometers. Mn(C,04)3>, Co(Cy04)37>, Cr(C204)357, Ur(C204)5>, and Fe(C,04)5 have
all been examined, with different degrees of success'?®!%2°.  Of the chemical
actinometers available, by far the most common choice is the ferrioxalate actinometer,
Fe(C204);>. The remaining compounds all suffer from low ®s that decrease with
increasing wavelength, and typically require long reaction times. The uranyl oxalate
actinometer commonly requires six hours for reaction, while the chromium salt displays

128,129

even less photoactivity The cobalt analogue fairs little better as it displays low

130

quantum yields and thermal instability Conversely, ferrioxalate has a @ near unity,

requires seconds to minutes for reaction, is relatively stable to heat, produces products
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which do not absorb radiation yet are easily detected, and exhibits only slight variations
in @ between 254-500 nm, a range in which most conventional light sources fall'”’. It
should be noted that if a quantum yield is to be determined for an analyte which
photolyzes slowly, then an actinometer which reacts with an equal rate may be desired.
However, in determining the intensity of a light source no direct comparison is being
made to the quantum yield of the analyte and actinometer, thus a faster photolysis rate is
typically desired.

Ferrioxalate undergoes photolytic cleavage according to the reactions given in
Scheme 1.4.1%%. The production of Fe(Il) is spectrometrically followed at 510 nm via

126-131

complexation with 1,10-phenanthroline . The increase in Fe(Il) mirrors the loss of

ferrioxalate, and a first-order plot for appearance of Fe(II) provides a rate constant, k,,

which is used in conjunction with Equation 1.4.1 to calculate the intensity of light, I

(Ein-L ™" min™). ®, represents the quantum yield of the ferrioxalate (Table 1.4.1)"%8, Eph

is the molar absorptivity of the phenanthroline complex, 1.11 x 10* L'moI'l-em™, and !

is the path length of the photolysis tube (em)*'.

- H,0" .

[Fe(Cy04);5]° ——=——> [Fe(C,00)]" + 2(C,0,)?
Scheme 1.4.1: . hv i
[Fe(C;09]7 ———= Fe'? + (09

(C,0)  + [Fe(C0)]" —— 200, + Fe'? + (C,04)”

Equation 1.4.1: Lo = -kp/(2.303)(®p) () (D
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Table 1.4.1: Quantum Yields of ferrioxalate at different wavelengths of light %

Wavelength (nm) Quantum Yield
254 1.25
302 1.24
405 1.14
436 1.11

The ferrioxalate process must be conducted in acidified solutions to prevent the
precipitation of ferrous oxalate. However, despite this one criterion, the process shows
remarkable versatility when compared to the other aforementioned actinometers. The
reaction is relatively independent of temperature, with only slight changes observed per
10°C change. Furthermore, unlike with the other actinometers, there is no need to purge
the system of oxygen, and any back reaction of ferrous ions with free oxalate (which

would decrease the @) is negligible'?®.

67



2.0 Experimental

2.1 Chemicals

Anhydrous aluminium chloride, aluminium powder, chlorobenzene, ferrocene, 4-
chlorotoluene, 1,4-dichlorobenzene, 4-chloroxylene, ammonium hexafluorophosphate,
sodium tetrafluoroborate, bisphenol-A, bisphenol-P, 4,4'-bis(4-hydroxyphenyl)valeric
acid, 4-4'-biphenol, 4-4'-thiobisbenzenethiol, , piperizine, 1,8-octanedithiol,
dimethylaminopyridine (DMAP), dicyclohexylcarbodiimide (DCC), resorcinol, 1-(4-
aminophenyl)-ethanone, 4-aminobenzoic acid, 4-aminophenol, 2-(methyl-phenyl-
amino)-ethanol, 2-(ethyl-phenyl-amino)-ethanol (all supplied by Aldrich), 4-nitroaniline
(British Drug House), aniline (Fisher), 4-hydroxysulphone (Fluka), sodium acetate,
sodium nitrite, 1,10-phenanthroline (all supplied by BDH), potassium carbonate,
potassium ferrioxalate, anhydrous magnesium sulphate, sodium hydroxide (all supplied
by Mallinckrodt), were used without purification. All solvents were reagent grade and

used without purification.

2.2 Instrumentation

'H and *C NMR spectra were recorded at 200 MHz and 50 MHz, respectively,
on a Varian Gemini 200 NMR spectrometer. Chemical shifts were referenced to solvent
residues and coupling constants were calculated in hertz. >C spectra were proton
decoupled and recorded as an attached proton test (APT) with a delay time (1) of 7 ms,
which resulted in inverted CH and CH; carbon resonances (C and CH, resonances
appeared as conventional peaks above the noise). Infrared spectra were recorded on a

Bomem, Hartmann and Braun FT-IR spectrophotometer as KBr pellets. UV-Vis
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spectra were obtained with quartz cuvettes of 10mm pathlength on a Shimadzu UV-
250IPC recording spectrophotometer. Thermogravimetric analyses were obtained on a
Mettler Toledo TGA/SDTAS851° under a steady stream of N, (50 m/min) with a heating
rate of 15°/min. GPC analyses were performed on a Waters 1525 GPC system equipped
with Waters Styragel HR3 and HR4 7.8 x 300 mm columns at 40°C, a Waters 2410
refractive index detector and a 200uL sample loop. Molecular weights were calculated
relative to polystyrene standards. Flow rates were 1.0 ml/min THF. Photolyses were
performed in a Rayonette photochemical reactor equipped with sixteen 300 nm lamps or
eight 254 nm lamps. Xe irradiations were performed in a photolysis vessel equipped
with a PE 150 Xe power supply, reflective surfaces and a Xe arc 3718 lamp. Pyrolytic
sublimation was performed in a Buchi GKR-51 pyrolytic sublimator connected to a
vacuum pump. GC-MS analyses used a HP5890 GC coupled to a HP5970 MSD. The
column was a 30 meter SPB-5 with a 0.25 mm inner diameter and a 0.25 pm film
thickness. Temperature program was as follows: 100°C (3 min), 10°C/min to 285°C (40

min). Injection volume was 1 pl.

2.3 Actinometry
(i) Calibration graph for Fe(ll)

A 5 mM solution of FeSO4 7H,0 was prepared in 0.05 M H,SO,. An aliquot of
the solution was removed and combined with 1 ml of 0.1% 1,10-phenantroline, followed
by 2 ml of 0.6 M sodium acetate buffer (pH = 4.4, adjusted with 1.0 M NaOH) and
water to produce the desired concentration of Fe(II). Samples were mixed after each

addition. Total volumes were 20 ml. Concentrations of Fe(Il) were as follows: 2 pM, 5
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uM, 10 uM, 25 pM, 50 pM, and 100 uM. The resulting solutions sat for at least 30
minutes, after which time their absorbencies at 510 nm were recorded. A calibration
plot was constructed using ferrous ammonium sulphate as the source of Fe(II) ions at
different concentrations.
(ii) Intensities of light

Photolyses were performed with 254 nm, 300 nm, and a Xe lamp in 50 ml Pyrex
centrifuge tubes. The three types of light sources, 254 nm, 300 nm, and the Xe lamp,
were specifically chosen to represent a range of spectral wavelengths, namely low
wavelength (high energy) UV, near visible UV and simulated sunlight (representing all
wavelengths), respectively. All solutions were prepared in the dark. An aliquot of a 60
mM stock solution of ferrioxalate in 0.05 M H,SO, was taken and diluted to yield a 6
mM solution in 0.05 M H,SO,. 35 ml samples were removed from this solution and
irradiated with a given wavelength of light for a set time. Following irradiation, the
samples were immediately worked up.

Work up consisted of combining a 4 ml aliquot of the irradiated solution with 1
ml of the 1,10-phenanthroline solution, 2 ml of buffer and 13 ml of water. Solutions
were stirred after each addition. Total volume was 20 ml, and the solutions were
allowed to sit for at least 30 min prior to analysis. Thereafter, their absorbance at 510
nm was recorded.

In addition to the irradiated samples, a blank sample consisting of H,SO4, 1,10-
phenanthroline, and buffer, in the same concentrations as the actual samples, was made.
This sample was used as the blank for the spectrophotometer. A background sample

used to correct for the presence of ambient light during the experiments was also made.
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This consisted of a solution that was worked up in the same manner as the irradiated

samples, with the exception that the solution was not irradiated.

2.4 Synthesis Procedures

(i) Synthesis of cyclopentadienyliron complexes

n°-chlorobenzene-n’-cyclopentadienyliron hexafluorophosphate, n°-1,4-
dichlorobenzene- 1’-cyclopentadienyliron hexafluorophosphate, and 1°-1,4-
dichlorobenzene- n’-cyclopentadienyliron tetrafluoroborate complexes (1a-c) were
432133

prepared as previously describe

Synthesis of compounds 3a-h, 4a-b: The »°-arene- 5°-cyclopentadienyliron salt

complexes (2 mmol) were combined with a dinucleophile (1 mmol), and K,CO; (2.5
mmol), in a 50 ml round bottom flask. The starting materials were dissolved in 10 ml of
DMF and stirred under N; overnight. The solution was then poured into a 10% (v/v)
HCI solution to which 4 mmol of ammonium hexafluorophosphate or sodium
tetrafluoroborate was added. The precipitated product was collected via suction
filtration and rinsed with copious amounts of water. Upon drying, the yellow granular
solid was rinsed with diethyl ether.

Complex 4a-b was prepared in a similar manner, by mixing 1 mmol of
compound 3b or 3¢ with 0.5 mmol of 2b in a 50 ml round bottom flask. Thereafter the

procedure mirrored that outlined above.
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(ii) Synthesis of azo dye starting materials

Synthesis of dyes 9a-f: The aniline or aniline derivatives (0.02 mol) were

dissolved in a mixture of 50 ml of concentrated HCl:water (1:1 v/v) and heated if
necessary to dissolve the aniline. The solution was stirred and cooled to 0-5°C and
maintained at this temperature while a sodium nitrite solution (0.022 mol in 40 ml water)
was added dropwise. The presence of excess nitrous acid in the amine solution was
tested using a starch-iodide paper. The diazonium solution was further stirred for 30
min at which time the excess nitrous acid destroyed by addition of 0.5-1.0 g of urea to
the solution. To this, a solution of the appropriate coupling component was added (0.02
mol dissolved in 20 ml of acetic acid and cooled to 0-5°C by the addition of crushed ice).
The reaction was stirred for 2 hours at which point the pH of the solution is adjusted to
pH 4-5 by adding 10% sodium acetate, causing precipitation of the crude dye. The dye
was collected, washed with water and recrystallized from ethanol.

Synthesis of dye 9¢g required a slight alteration to the aforementioned procedure.
Resorcinol (coupling component) was dissolved in sodium hydroxide and cooled to 0-
5°C withice. To this, the diazonjum solution was added slowly within 30 minutes. The
reaction was stirred for two hours. Neutralization of the reaction mixture at the end of

the synthesis requires acetic acid to bring the pH to 6.

iii) Reaction of azo dyes with cyclopentadienyliron complexes
Starting complexes 10, 12, 14, 16a-d, were prepared as previously reported!®!3%!133,

Synthesis of complexed dyes 11a-b, 15, 17a-d: An appropriate mmol ratio of

complex to dye (1:1, 1:2, and 2:1, for 11a-b, 15, and 17a-d, respectively) was mixed in a
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50 ml round bottom flask with an excess of K,CO;, and stirred in DMF under N,
overnight. The coloured solution was then precipitated into 10% HCL, to which a molar
excess of ammonium hexafluorophosphate was added. The solid product was collected
via suction filtration, washed with water, ether and dried.

Synthesis of complexed dyes 13a-¢: Complex 12 (1 mmol), azo dyes 9a-c (1.2

mmol) and DMAP (1.2 mmol) were combined in 3 ml of DMSO and 10 ml of CH,Cl.
The solution was stirred under N, for five minutes and then DCC (1.2 mmol) was added,
and the reaction proceeded at room temperature for 16 h. The complex was added to a
10% HCI solution containing NH,PFs (2 mmol), extracted with CH,Cl,, washed with
water and dried over MgSOy. The solution was dried, dissolved in acetone and filtered
into ether resulting in an orange or red precipitate, which was collected in a crucible and
dried.

UV-Vis Spectroscopy: UV spectra of the dyes were recorded in DMF, ethanol

and a 10% HCI (5 M) solution in ethanol. The complexed dye compounds typically
displayed poor solubility in ethanol, thus it was necessary to solubilize the dye with pl
amounts of acetonitrile prior to addition of ethanol. Test spectra acquired using dyes
soluble in ethanol illustrated that the use of a 0.1% solution of acetonitrile in ethanol did
not change the observed wavelength maxima of the dyes. All samples were run against

blank solutions of appropriate compositions.

iv) Polymerization of complexed dyes

Preparation of polymers 19a-i: The complex 13a-¢ (0.25 mmol), dinucleophile

18a-c (0.25 mmol) and K,CO; (1 mmol) were dissolved in 2 ml of DMF and stirred
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under N3 at 60°C overnight. The solution was poured into 10% HCI to which NH,PF,
(0.5 mmol) was added. The coloured polymer was collected in a crucible, washed with

water and ether and then dried.

2.5 Photolytic demetallation

i) Decomplexation of 3a-h. 4a-b: The complex (0.1 mmol) was dissolved in a 4:1

mixture of CH,Cly:CH3CN (total volume 35 ml) in a 50 ml Pyrex centrifuge tube. The
tube was capped with a septum, purged with N, for 10 minutes, and photolyzed.
Samples were photolyzed with 300 nm light for various times, ranging from 15 minutes
to 8 hours, to determine the time required for successful demetallation. For complex 4a
the procedure was repeated with the other light sources (254 nm, Xe lamp). Regardless
of the light source employed, once irradiated, the solution was then rotoevaporated to
dryness, and the residue redissolved in chloroform. Samples were washed with water (3
x 20 ml), dried with magnesium sulphate, filtered and concentrated to approximately 1-2
ml. Samples were precipitated in cold hexane and stored at 0°C overnight. Thereafter,
the product was collected via suction filtration and dried prior to analysis.

Due to the higher solubility of compounds 6a-c,f-g in hexane, the dried
chloroform solution was concentrated to dryness and placed under vacuum overnight.
The oil residue was rinsed with hexane and further dried under vacuum.

Solvent related trials were photolyzed as described above with the following
exception. For the CH,Cl, trial, distilled dichloromethane was used, and samples were
weighed out in a glove box under a N, atmosphere. The sealed tubes were removed

from the glove box and immediately photolyzed with 300 nm light.
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ii) Photolytic decomplexation of complexed dves 11a-b, 13a-c, 15. 17a-d:

The complexed dyes (0.1 mmol) were dissolved in a 4:1 (compounds 11a-b, 15,
17a-d) or 1:1 (13a-¢, due to limited solubility in CH,Cl,) ratio of CH,Cl,:CH;CN. Total
volumes were 35 ml. Photolysis was carried out for 3.5 hours with 300 nm lamps.
Following photolysis, sample solutions were concentrated to dryness, and dissolved in
ether. The starting complexes were not readily soluble in ether, thus any remaining
complexed sample was selectively removed. The ether was washed repeatedly with
water, and thereafter dried with anhydrous magnesium sulphate, filtered, and
concentrated to dryness. If starting material remained, the residue was dissolved in ether
and eluted through a silica gel column. The coloured elute was rotary-evaporated to

dryness and the residue stored under vacuum for several hours prior to analysis.

Decomplexation of polymers 19a-i: The complexed azo dyes were

photolytically demetallated to yield compounds 24a-i. The complexed polymers (0.01
mmol) were dissolved in a 1:1 ratio of CH,Cl,:CH3CN. Polymers 19¢,f,h,i required the
addition of 5 ml of DMSO and a 10 minute sonication period to aid solubility. Total
volumes were 40 ml. Photolysis was carried out at 300 nm for 4 hours in Pyrex
centrifuge tubes. The irradiated solutions were rotoevaporated to dryness (the solutions
containing DMSO were washed with water prior to evaporation to remove the DMSO)
and chloroform was added to solubilize the polymer. The chloroform solution was then
washed with water, dried with anhydrous magnesium sulphate, filtered, concentrated
using a rotary evaporator, and added to cold ether. The residue was stored under vacuum

for several hours prior to analysis.

75



2.6 Photocatalytic/Thermal degradation

(i) H>O: catalyzed oxidation

H,0, catalyzed degradation of 9d. 11b. 24d: The dye (1 mg) was dissolved in

SmL of CH3CN to which 30 ml of doubly distilled water was added. Absorbance
readings were recorded at the time of preparation (t=0) and at specific timed intervals
during their photolysis with 300nm light. Aliquots were transferred to a clean and dry
cuvette, and returned to the parent solution after recording the visible absorbance.
Comparison samples were prepared by irradiating dye and solvent without H,O, present.

H»O, catalyzed degradation of 9g. 17d: The initial study involving 9g illustrated

a slow rate of degradation using the procedure outlined above. Thus a slightly modified
procedure was followed which incorporated the addition of 2 drops of concentrated
ammonia solution. The solution, without H,O,, was made and allowed to sit for 30
minutes to allow for the appearance of the 323 nm Any.x peak. After 30 minutes, 1 ml of
H,0, was added and an aliquot immediately transferred to a 10 mm pathlength quartz
cuvette. Only the absorbance at Ay, (323 nm) was measured over time by utilizing a
continued exposure time course experiment. This experiment monitored the absorbance
at the set wavelength over time, and did not scan through the UV-Vis spectrum. A
solution without H,0O,, and completely sealed to light, was prepared for comparison. At
specific time intervals an aliquot of solution was removed and used to record a UV-Vis
spectrum. Compound 17d utilized the same procedure as for 9g, however, 250 pL of
H,0, was added and the absorbance at 445 nm was followed via a time course

experiment.
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(ii) Thermal degradation

The dye (20 mg) was sealed in a 20 ml glass vial equipped with a septa lined cap.
Samples were purged under a steady flow of N, gas throughout the experiment.
Samples were heated in a sand bath at approximately 300°C for 15 minutes. Upon

cooling, the samples were rinsed with acetone and chloroform in an attempt to isolate

products.
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3.0 Results and Discussion

3.1 Actinometry

Ferrioxalate actinometry was used to calculate the intensity of the three light
sources (300 nm, 254 nm, and simulated sunlight (Xe lamp). Photolyses were carried
out for varying amounts of time, depending on the wavelength of light used.  The
experiments utilizing 300 nm light required 20-30 seconds for the determination of the
rate of formation of Fe(II). Alternatively, irradiation with 254 nm and simulated
sunlight required up to 3-5 minutes of exposure. The absorbance values of the solutions
were compared to a calibration graph, which was prepared from the absorbencies of
known concentrations of Fe(II), to determine Fe(Il) concentration. This allowed a first-
order rate graph to be constructed for the appearance of the Fe(II) species. As an
example, the rate of appearance of Fe(II) for the Xe experiment is illustrated in Figure
3.1.1.

The linear regression of the data provided a slope (kp) that was used in
conjunction with Equation 1.4.1 to calculate the intensity of light. The slope from the
formation of the Fe(Il) species is opposite that of the decomposition of ferrioxalate, thus
the value of —kp is used in Equation 1.4.1. The inner diameter of the photolysis tube (/
in Equation 1.4.1) was determined to be 2.476 cm with vernier caliipers. Tabie 3.1.1
provides the rate of formation of the Fe(II) species, the correlation coefficient (R), and
the intensity of light for the three light sources. It is interesting to note that while the
254 nm light is more energetic than the other wavelengths, it displayed the lowest

intensity. This can be partly attributed to the lower number of lamps (8) used when
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compared to the 300 nm photoreactor (16), and the increased absorbance of wavelengths

below 280 nm by the photolysis tube itself'*’.

Equation 1.4.1: L= -kp/(2.303)(Dp)(epn)(D)

Table 3.1.1: Intensities of the light sources

A k, (s R value Intensity (Ein L"lmin")
300 0.00791 0.9824 6.0 x 10°
254 0.00691 0.9788 52x10°
Xe 0.03504 0.9831 3.0x10°

In(conc)

T ' ) N T T 1

0 20 40 60 80
Time (seconds)

Figure 3.1.1: Rate of formation of Fe(II) with simulated sunlight
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3.2 Decomplexation Study

3.2.1 Synthesis of organoiron complexes

Utilizing the excellent electron withdrawing power of the CpFe” moiety, a series

of bimetallic complexes were synthesized as shown in Scheme 3.2.1. These compounds

were isolated in good yield and characterized by NMR, IR, and TGA techniques.

Reaction of 3b-¢ with dinucleophile 2b in a 2:1 molar ratio allowed for the isolation of a

tetrametallic compound, 4a-b (Scheme 3.2.2).

R 1+ ezl 20
¢ : "N,, DMF

FL*X' 2a-f e+X

Fe X
la-¢ 3a-h
R X R X z R X Z
la:H PF, 3a:Cl PFg 2a  3e:Cl PFg 2c
1b: CI PF, 3b:Cl PFg 2b 3f: CI PF; 2d
1c: C1 BF, 3c: C1 BF; 2b  3g: H PFg 2e

3d: H PF, 2b

3h: Cl PFg 2f

o OO0 2 sOss  »

) 2a oo 2 0@@’@0 2 o@::)s:)

N N
-

Scheme 3.2.1
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CPFE H3 3 CpFe X K2C03 3 3
3b-¢ N,, DMF
3b: X = PFy »
3c¢: X =BF,
CH,
@ :
CpFe X CpFe)x 3
4a-b
4a: X = PF,
4b: X" = BF,
Scheme 3.2.2

The 'H and C NMR spectra of the complexes displayed the characteristic
resonances associated with cyclopentadienyliron complexes (Table 3.2.1, 3.2.2).
Figures 3.2.1 and 3.2.2 present the '"H NMR spectra of complexes 3b and 3f for
comparison. The intense singlet located at 5.37 ppm (3b) and 5.42 ppm (3f) represents
the equivalent protons on the Cp ring. The eight complexed aromatic protons appear as
two doublets resonating between 6.5 and 7.0 ppm. The complexed aromatic protons
alpha to the ether bond appear at 6.48 ppm and 6.61 ppm for compounds 3b and 3f,
respectively. The remaining aromatic protons resonate at values customary for aromatic
protons. Complex 3b displays an intense singlet in this region that is attributed to the
aromatic protons isolated on either side by the isopropylidene groups. The remaining
singlet at 1.71 ppm in the spectrum of 3b represents the equivalent methyl protons of the
isopropylidene groups. The multiplet at 2.04 ppm is the protons of the referenced

acetone solvent.
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Figure 3.2.1: "H NMR spectrum of bimetallic complex 3b

QOO

CpFePFyg CpFePFg
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Figure 3.2.2: "H NMR spectrum of bimetallic complex 3f

Formation of complex 4a-b altered the NMR spectra when compared to the
bimetallic starting material. Figure 3.2.3 and 3.2.4 illustrate the 'H and “C NMR
spectra for compound 4a. The most striking difference in the 'H spectrum is the
appearance of a second Cp resonance (at 5.28 ppm), which is attributed to the Cp ring
pendant to an arene containing two etheric bonds. Additionally, a new singlet at 6.31
ppm appears, which represents the complexed aromatic protons of this same arene ring.

The uncomplexed aromatic protons continue to resonate at relatively the same
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frequency, however the region is necessarily more complicated due to the larger number
of protons associated with the structure. Lastly, the methyl protons still appear as a
singlet, albeit a slightly broader one, at 1.65 ppm.

The *C NMR spectra illustrate similar characteristics with two resonances
appearing for the carbons of the Cp ring (78.99 ppm and 80.44 ppm). The peaks at
104.18 ppm and 131.59 ppm are attributed to the quaternary carbons on the complexed
aromatic rings. The 104.18 ppm resonance results from the quaternary carbon attached
to the chlorine substituent, while the other represents those with an ether bond. The three
non-equivalent CH carbons of the complexed rings (75.95, 77.17, 87.87 ppm) appear
near the Cp peaks, and represent the arene rings bordered by two ether linkages (75.97
ppm) and the complexed arenes at the ends of the molecule (77.17, 87.87 ppm). The
peaks at 31.14 ppm and 42.93 ppm represent the methyl carbons and the quaternary
carbon of the isopropylidene group, respectively. The multiplet at 29 ppm is the methyl

carbons of the referenced acetone solvent.

“Qr-OtOTO~Of:
CplI?e PF4 CpllTe PF36

JUM JL JU\w*__.
s 8 7 s s a3 2T

Figure 3.2.3: "H NMR spectrum of tetrametallic complex 4a
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Figure 3.2.4: >C NMR spectrum of tetrametallic complex 4a

IR spectra of the complexes displayed absorbances attributed to the CpFePFs or
CpFeBF, moiety. While no noticeable change is associated with the NMR spectra of the
analogues, the IR spectra do show a significant difference (Table 3.2.3). The PFs
analogue causes a large peak in the 840-845 cm™ region (arising from P-F bond
vibrational changes), while the BFs complexes produce a broad band centred in the
1080-1085 cm™ region (arising from B-F bond vibrational changes). Figure 3.2.5 and

3.2.6 provide the IR spectra of compounds 4a and 4b for comparison.
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Figure 3.2.5: IR spectrum of 4a
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Figure 3.2.6: IR spectrum of 4b

Thermogravimetric analysis of complexes 3a-h and 4a-b illustrated two distinct
weight losses. The first loss, occurring between 220-250°C represented the liberation of
the CpFe” moiety. The remaining weight loss is attributable to the destruction of the

organic backbone. The confirmation of these weight losses is evident when the TGA
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curve is compared to those of other molecules, such as the starting complexes (1a-c),
their organic analogues, and macromolecular samples containing similar aryl-ether
linkages. These compounds display weight losses at similar temperatures, with the
temperature of the second weight loss typically increasing as the molecular weight of the

1417 Figure 3.2.7 provides the TGA curve for compound

aryl ether molecule increases
4b, which illustrates the two weight losses. Table 3.2.3 provides the numerical data for

complexes 3a-h, and 4a-b.

“Q-OlOFO-Ofe

CpFeBF, CpFeBF,

[ 0t O L N R L BN S S A A A Y (N N I T O N L L SO (LML B L LB LB UL

T
100 150 200 250 300 350 400 450 500 850 600 650 700 °C

Figure 3.2.7: TGA curve for complex 4b
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Table 3.2.1: '"H NMR data for complexes 3a-g, 4a-b

6 (ppm) in acetone-dg

Aromatic H Complexed ArH Cp CH,, CH;
7729 (d. 410 7=8.9) | 6.48 (d, 411, J=7.0) 1.77 (s, 6H)
32 | 749 (d 41 1=6.6) | 6.81 (d. 411 J=7.0) | >/ (- 10H) CH,
7723-7.98 (m, 8H) | 6.48 (d, 45, J=7.0) 171 (s, 120)
3b | 745 (d, 4. 1-8.6) | 6.81 (d. 4H, J=6.6) | >~ (& 10H) CH,
7.22-7.28 (m, 8H) | 6.48 (d, 4L, 1=6.9) 172 (s, 120D
3¢ | 745 (d. 410, 1=8.5) | 6.79 (d. 4HL J=6.8) | >>> (& 10H) CH,
717-7.28 (m, 8H) | 6.27-6.37 (m, 6H) 171 (s, 120)
3 | 745 (d. 41 J=8.6) | 6.44-6.50 (m, 41 | > (5 10H) CH,
7.52 (d, 411, 1-8.9) | 6.62 (d, 4H, J=6.9)
3¢ | g14(d 4L 1=8.8) | 6.86 (d. 4HL J=6.9) | >20 (& 10H) | wmmmes
7.51(d, 45, 1=8.5) | 6.61 (d, 4T, J=6.6) v
3 | 791 (d 4L 1=8.2) | 6.87 (d. 4H J=6.3) | >4* (& 10H) | memeees
17594, 41, 1=8.9)
38 | 756 \G 41T Joo.) | 6-39-6.58 (m, 10H) | 523 (5, 10H) | e
620 (@, 41, 1=7.0) | . 3.83 (5, 8T)
3h e 6.62 (d. 41 J=7.4) | >-20 (5, 10H) CH,
4a | 719727 (m, 24H) | 486'(3dl PR o) | 5285 101 | 169 s, 368D
741 @ 12H,370) | a1 4 o) | 536 (s, 101 CH,
s | 717726 (. 24m) | 466'(2(19 o o) | 5285 10H) | 165 (s, 36H)
7.40 (d, 128, J=7.1) | &40 (&4, 7=7.0) 1 5 59 o 1 0mp) CH,

6.80 (d, 4H, J=7.2)

Coupling constants calculated in Hz
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Table 3.2.2: >C NMR data for complexes 3a-g, 4a-b

6 (ppm) in acetone-dg

quat

Comp.

Comp.

at | ArcH oy (oMb | Cp | CHCH | Other
149.64 | 12110 | 10472 76.94 3111 .
32 | 15174 | 130.01 133.64 g7.74 | 80361 o, | 4210
148.14 | 120.81
3 | 14996 | 127.12 igg‘gf ggg; 80.32 3&?6 42.90%
151.60 129.84 . ' 3
14824 | 120.79
3¢ | 14999 | 127.06 igg‘;g gg'gg 80.30 3&‘;0 42.90%
151.53 129.89 : : 3
14837 | 121.07 7774 1a
3d | 14990 | 12728 | 13458 85.74 | 7806 | L0 |43.03*
151.93 129.91 87.84 3
129.60 | 12024 | 104.04 78.07
3¢ | 15761 | 12055 | 137.59 8668 | 103
138.85 | 122.07 | 104.97 77.45
3 15375 | 13011 133.58 g7.88 | 802
87.69
128.46 | 133.61
39 109.59 87.85 | 7945 | cooi | e
13820 | 137.17 e
10276 68.44 4621
3h 125.86 8691 | 842 | cmg, | U
148.16 | 120.65 75.95
4a | 14931 | 127.12 ig‘l‘ég 77.14 2(8)?913 3&%4 42.93%
152.27 129.69 : 87.87 : 3
148.10 | 120.63 75.90
4b | 14935 | 127.09 ig‘l‘ég 77.09 gg'zg 3(%1‘;9 42.86+
15223 | 129.89 : 87.93 : 3

*denotes quaternary carbon
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Table 3.2.3: Yield, IR, and TGA data for complexes 3a-h, 4a-b

o

%Yield | IR (cm™) TG A nset TGAcnaser | TGAmidpoint Weﬁght
loss
W o8| seR) | 50 349 5|
3b 95 842 (PFs) gié §;§ §§§ §§
3¢ 90 1084 (BE4) §§§ %3 §22 §§’
3d 85 841 (PFy) ??? ifﬁ 335 gg
3e 85 841 (PFs) §§§ §§§ ggg 336,
| 0 | Ry | 28 265 | o
) | w0 | soer) | 20 4 I
w | w0 | seer) | 28 e | .
4a 95 842 (PF¢) ?21}1 ?g% ggg 2(5)
4b 90 1084 (BFy) i;é §Z§ ‘Z‘ié gg
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3.2.2 Selection of wavelength of light

Complex 4a was chosen as a test compound to determine which light source was
best suited to photolytically decomplexing the samples. The reason 4a was chosen was
that the demetallated product (5) displayed low solubility in hydrocarbon solvents such
as hexane, which aided in precipitation and isolation of the product (5), but was soluble
in halogenated solvents so as to permit facile workup. The demetallation sequence is
displayed in Scheme 3.2.3.

Photolysis with any of the light sources liberated the pure organic analogue.
Regardless of wavelength, once successfully demetallated, the NMR, IR and TGA
spectra were the same. Tables 3.2.4 and 3.2.5 provide the spectroscopic and thermal
data. Samples were irradiated at various times (15, 30, 45, 60, 120, 180, 300, 480
minutes) to determine the time required to decomplex the sample. It was observed that
once decomplexed, irradiation for further time produced no noticeable affect on the
product. The 'H and >C spectra of compound 5 are provided in Figure 3.2.8 and 3.2.9.
These spectra were obtained after 1 hour of 300 nm light irradiation. As is evident,
successful decomplexation can be established by the loss of the Cp resonance and
downfield shift of the complexed aromatic protons. The aromatic protons are
thoroughly overlapped, however one can distinguish the large singlet at 7.12 ppm
denoting the equivalent protons on the aromatic rings with terminal isopropylidene
linkages. The methyl peaks appear at 1.65 ppm as a broad singlet. The *C spectrum
displayed a similar loss of the Cp resonance. Four aromatic CH peaks were observed for
the aromatic CH carbons alpha to the ether groups due to the slight differences existing

between those near the terminus of the molecule and those located in the middle.
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Figure 3.2.8: '"H NMR spectrum for compound 5

1) I JLW

T T T T e o S IR0 20 e e e B 1R Ay
188 180 140

Figure 3.2.9: BC NMR spectrum for compound 5
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The difference between the three wavelengths of light used lies in the time
required for the photolytic decomplexation to be complete. The 300 nm irradiations
were complete in 1 hour, while those using a Xe lamp required 5 hours and those with
254 nm light required 8 hours. The differences can partly be explained by intensity
differences, with the 300 nm > Xe > 254 nm as discussed in Section 3.1. Another
plausible reason is that the absorbance of the iron moiety falls in the range of 300-450
nm?®2813* The UV spectrum of 4a displayed a small band in the 350-400 nm region,
which is consistent with a ligand field transition of an organoiron complex®*2%!** Thus,
irradiation with wavelengths near this absorbance would facilitate decomplexation. This
could also explain why the Xe lamp (which produces all wavelengths of the solar
spectrum) showed a faster rate than 254 nm. The lower intensity of the Xe lamp, when
compared to the 300 nm photoreactor, would explain why the 300 nm rate was higher
than that observed with the Xe lamp.

Samples that were irradiated for less than the required time displayed peaks in
the NMR and IR that corresponded to complexed material. 'H NMR spectra displayed
Cp resonances, while IR spectra and TGA curves exhibited the presence of the iron
moiety with an absorbance at 840 cm” (P-F bond vibration), and a weight loss near
230°C, respectively. Upon successful decomplexation, the IR absorbance between 840-
845 cm’!' disappeared and revealed an absorbance around 830 cm™ that was hidden
previously. TGA curves of compound S displayed only one weight loss corresponding
to destruction of the organic molecule.

Figures 3.2.10 and 3.2.11 display the IR spectra of a 300 nm photolysis of 4a

after 15 minutes and 1 hour, respectively. As is evident, the 15 min photolysis is not
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complete, while at 1 hour, the absorbance due to the CpFePF¢ group is no longer
present. As a comparison, Figure 3.2.12 and 3.2.13 present the IR spectra of 4a after a
5 hour photolysis with 254 nm light, and simulated sunlight. Similarly, Figure 3.2.14
presents a TGA curve comparing a 1 hour 300 nm photolysis with a 5 hour 254 nm

photolysis. As is evident, the 254 nm sample displays the presence of starting complex

—— ——
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4a.

40-
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§J

Figure 3.2.10: 15 min photolysis of 4a with 300nm light
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Figure 3.2.11: 1 hour photolysis of 4a with 300nm light
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Figure 3.2.12: 5 hour photolysis of 4a with 254 nm light
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Figure 3.2.13: 5 hour photolysis of 4a with a Xe lamp
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Figure 3.2.14: TGA curves of a 1 hour 300 nm and a 5 hour 254 nm irradiation of 4a
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Table 3.2.4: 'H and 1°C data for decomplexed compound 5

6 (ppm) in chloroform-d

i3 13 13 13

1 . 1 CAr C C C

H Aromatic H HCH: | cuat | ArCH | CH, | Others
117.53
6.87 (d, 12H, J=8.9) 14532 ﬁgg%

6.96 (d, 1211, 7=6.0) 147.67 :

5 o 1.65 (5, 36H) | 10007 ngé 30.87 | 42.04%
7.157.29 (br m, 16H) 15548 | 1202
129.60

Coupling constants calculated in Hz

*quaternary carbon

Table 3.2.5: Yield, IR and TGA data for compound 5

Y%Yield

IR (cm™)

TGAonset

TGAendset TGAmidpoint

%loss

5 75

832

521

552

537

54
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3.2.3 Choice of solvent and anion

Given that the fastest successful decomplexation was observed with 300 nm
light, all subsequent experiments utilized this wavelength. A study of the effects of the
choice of solvent and the nature of the anion were investigated following the wavelength
study.

i) Solvent

As outlined in Section 1.1.1, the use of any slightly nucléophilic solvent will
allow photolytic decomplexation to occur. However, there remained the question of
whether the times for the decomplexation would change depending on the nature of the
solvent. Using complex 4a, and 300 nm light, a series of solvent experiments were
conducted. Four new solvent compositions were prepared and compared to the previous
results with 300 nm light (which used a 4:1 CH,Cl,:CH3CN mixture). Solutions of pure
CH;CN, 1:1 CH,CL:CH;CN, pure CH,Cl,, and a 3.5:1:0.5 CH,Cl,:CH;CN:CH;0H
mixture were used. CH3;CN was present in all but one of the solvent choices due to the
established success with this solvent**C.

The results showed that using any solvent composition which incorporated
acetonitrile allowed successful decomplexation of 4a to occur in 1 hour with 300 nm
light. The only noticeable change for CH;CN containing solvents was observed with the
sample containing methanol. For these photolyses, there was no observation of a blue
colour in the water washings during subsequent workup that was typically observed with
the other samples. The colour may be attributed to a type of ferrous cyano hydrate,
Fe',[Fe'(CN)s]15H,0, or ferricenium tetrachloroferrate, [Fe(CsHs)2]FeCL*®. The lack

of this colouration indirectly supports the role of the more nucleophilic methanol in the
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liberation of the organic backbone. Lastly, the trial employing only distilled CH,Cl, was
observed to take longer than those with CH3CN present. Successful decomplexation
was observed to require 3 hours when no CH3CN was included in the solvent mixture.
ii) Anion

A comparison of compounds 4a and 4b subjected to 300 nm light photolysis
utilizing a 4:1 CH,CL:CH;3CN ratio was performed. It was found that inclusion of BFy,
which is known to be more nucleophilic than PFe, caused no change in the
decomplexation time. Although, as outlined in Section 1.1.1, the mechanism of
decomplexation may vary, no change in the end product, or time required to produce it,
was observed. Samples of 4b irradiated for 15, 30, 60, 120, and 180 minutes displayed
the same trend as 4a; successful decomplexation in 1 hour, with no change observed

with further irradiation.

3.2.4 Comparison with pyrolytic sublimation

Since it has been established that successful decomplexation of 4a can be
performed in about an hour in numerous solvent ratios incorporating CH;CN, a
comparison to another conventional technique was examined. Pyrolytic sublimation was
used for compound 4a. The sample was heated under vacuum to 250°C for 1-3 hours,
after which time the apparatus was cooled and the ‘cold-finger’ rinsed with chloroform.
A 1 bour pyrolysis of 4a did not form compound 5. Thus, a 2 and 3 hour pyrolysis was
performed that did form the product, 5, but the yield of the reaction was only 20%.

Given that the 1 hour photolysis produced 5 in approximately 75% yield, the pyrolytic
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demetallation technique offered no advantages for complex 4a when compared to

photolysis with 300 nm light.

3.2.5 Decomplexation of organeiron complexes

Photolysis of compounds 3a-h with 300 nm light in a 4:1 CH,CL:CH;CN
solvent mixture allowed for the isolation of the organic analogues 6a-g (Scheme 3.2.4).
The times required were on the order of 45 minutes to 1 hour for 6a-¢, and 6e, with
compounds 6d, 6f and 6g requiring only 30 minutes for successful decomplexation.

Tables 3.2.6 and 3.2.7 provide the spectroscopic and thermal data for compounds 6a-g.

Q- = OO
|

CpFe'X"  CpFe'X" 6a-g
3a-h
R X Z R X Z R 2 R z
3a:Cl PFg 2a 3e:Cl PF, 2¢ 6a:Ct 22 6e:Cl  2d
3b:Cl1 PFg 2b 3f: Cl PF; 2d 6b: Cl 2b  6f: H 2e
3¢: CI BF, 2b 3g: H PF, 2 6: H 2b  6g: C1  2f
3d: H PFg; 2b 3h:Cl PRy 2f 6d: Cl  2¢

2a 00 2b 0@-{-@!@0 2co©—
2d 0@@0 2e s@s@s 2 N:\N

QO==n =O
o]

Scheme 3.2.4
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The 'H and *C NMR spectra of compounds 3d and 6¢ are provided for
comparison in Figures 3.2.15 and 3.2.16. The spectra display the characteristic loss of
the Cp resonance, and the downfield shift of the formerly complexed aromatic protons.
The aromatic region of the "*C spectrum of 6¢ displays six aromatic CH carbon peaks in
accordance with the decomplexed structure. This compares well with the metallated
form in which three aromatic CH carbon peaks resonate between 80-95 ppm due to
complexation of the terminal arenes, while the other three aromatic carbon CH peaks

appear in the aromatic region.

Q-0l010-0

CpFePF CpFePFg

O~OlO1O~0
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] [:} 7 [ s 4 3 2 1 ppa

Figure 3.2.15: '"H NMR spectra of 3d (top) and 6¢ (bottom)

99



L —— . e - : . : : I p— . . —
180 160 140 20 | 100 ap 50 ag 28 ppa

e i) ”

O-OlOlO~O

T T T T ™ i T T T T T L T T T T
180 160 140 12 ipo an &0 40 20 ppm

Figure 3.2.16: °C NMR spectra of 3d (top) and 6¢ (bottom)

Analysis of the IR spectra of compounds 6a-g illustrated the appearance of a
similar peak near 830 cm”, as observed with compound 5. Table 3.2.7 lists the
wavenumber of this peak for compounds 6a-g. Figure 3.2.17 displays the change in the
IR spectrum upon decomplexation of 3e to form 6d. The TGA curve of the
decomplexed samples showed only one weight loss, corresponding to destruction of the

organic compound, for compounds 6a-c,e-f, while compounds 6d and 6g displayed two
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weight losses. These weight losses did not match those of the complexed analogues, thus
may be attributed to the formation of intermediate thermolysis products which
themselves underwent degradation with increased temperature. Figure 3.2.18 provides

the TGA curves for complex 3h and its organic analogue 6g for comparison.

CpFePF CpFePF; L
g -
<0 &
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£
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&
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Figure 3.2.17: IR spectrum of 3e (top) and 6d (bottom)
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Figure 3.2.18: TGA curves for complex 3h and its decomplexed analogue 6g
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Table 3.2.6: 'H and >C NMR data for compounds 6a-g

o (ppm) in chloroform-d

. ] . 13C I3C 13C I3C
HAromaticH | 'HCH,CHs | o | ArCH | CHL,CH, | Others
1274 | 11829
7.15-7.24 (m, 8H) | o5 (s 611y | 1458 | 119.90 | 30.97 .
6a | 7.47(d, 4H, J=8.6) A Sl e | el | 4o
7.55 (d, 4H, J-8.2) 3 ' ' 3
> 4H, 155.98 | 129.61
6.86-6.96 (m, 8H) 14594 | 11080
b 7.13 (s, 4H) 167(5 12H) | 14752 | 050 3085 | o
7.20 (d, 4H, J=8.9) CH, 15440 | 2020 | CH :
7.27 (d, 45, J-8.9) 15592 | 1200]
118.10
6.92 (d, 4H, =8.6) 14551 | 118.72
6o | 7017.05m 4) | 1.69(s 12H) | 14751 | 12296 | 3089 | .,
7.09-7.23 (m, 12H) CH, 15459 | 12620 | CH, :
7.30-7.38 (m, 4H) 15723 | 127.98
129.57
6.95-7.07 (m. 811 13561 | 117.75
3 151.64 | 121.54
6d| 7.36(d, 4H, J=0.0) |  ccemee
890 (o 411 153.40 | 129.76
> 161.49 | 130.16
6.99 (d, 41, 1=8.5) 12832 | 119.12
o | 7054 I8 | 135.85 | 120.10
7.31 (d, 4H, J=8.9) 155.77 | 128.26
7.53 (d, 4H, J=8.6) 15626 | 129.73
12720
122 (5, 8 133.57 | 128.99
6 | 720730 0m foE) | < 13429 | 130.56
29-7.36 (m, 13521 | 131.78
13132
oo | 691(d4H,1-82) | 331(s,80) | 13103 | 117.6] | 4938
€| 724(d 4H, 1=8.2) CH, 14957 | 12903 | Cm, | T

Coupling constants calculated in Hz

*quaternary carbon
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Table 3.2.7: Yield, IR and TGA data for compounds 6a-g

%
. - TGAonset TGA ndset TG}-Amid int .

%Yield IR (cm™ N e Jmidpoint |y eight
o (em™) C) C) °C) e
6a 81 828 351 405 376 53
6b 20 829 356 126 390 63
6e 90 835 375 432 307 61
- 345 5% 385 29
6d 84 834 480 539 510 16
6o g5 8§22 347 385 362 81
6f 67 833 327 388 358 45
278 323 208 7
6g 73 817 430 649 596 13
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3.3 Azo dyes containing cationic cyclopentadienyliron moieties
3.3.1 Synthesis of azo dye starting materials

A series of ‘parent’ azo dye compounds were synthesized via conventional
techniques as illustrated in Scheme 3.3.1. The dyes were specifically chosen due to their
ability to undergo a subsequent reaction with a cyclopentadienyliron complex, and were
characterized using NMR, IR, TGA and UV-Vis techniques (Tables 3.3.2-3.3.4).

The 'H and ®C NMR spectra of 9d are provided in Figure 3.3.1 and 3.3.2,
respectively. The 'H spectrum displays doublets in the aromatic region, which is
consistent with the structure. The doublet at 6.81 ppm is characteristic of
aminoazobenzene dyes and belongs to the aromatic protons alpha to the amino nitrogen.
The doublet resonating furthest downfield, at 8.04 ppm, results from the protons alpha to
the carboxylic acid group. The multiplets between 3.5-3.9 ppm are attributed to the
methylene protons of the ethyl groups, while the methyl proton resonates as a triplet at
1.17 ppm. Lastly, the small peak around 4.7 ppm and 13 ppm are due to the hydrogens

located on the alcohol and carboxylic acid, respectively.

Y.

Y.
2) coupling
7a-e 8a-c 9a-g
X Y R
92:. 1 H H
R ga: ’1‘— % 9%: 1 H NO,
7a: H a: % 1 H COCH,
7b: NO, 8b: 2 H 9¢: 1 H COOH
7¢: COCH;3 8c: OH OH 9e: 1 H OH
7d: COOH 9f: 2 H OH
7e: OH 9g: OH OH OH
CH,CH,0H CH,CH,OH
1= N\ 2= N\
CH,CH; CH;

Scheme 3.3.1
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Figure 3.3.2: °C NMR spectrum for 9d

The *C NMR spectrum displays five quaternary carbons, which is consistent
with the structure (four aromatic quaternary carbons and one carbonyl carbon). The
quaternary carbon furthest downfield denotes the carbonyl, while the quaternary carbons
alpha to the azo bond resonate at 155.18 ppm, and 142.37 ppm for the azo component
and coupling component, respectively. Of the remaining quaternary carbons, the 151.23
ppm resonance belongs to the quaternary carbon alpha to the amino group, while the

130.71 ppm peak results from the carbon alpha to the carboxylic acid group.
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The visible absorption of the dyes were recorded in dimethylformamide, ethanol
and a solution of 10% HCl in ethanol. Table 3.3.1 provides the values of the wavelength
maxima. As was expected, the dyes displayed bathochromic shifts in DMF when
compared to ethanol, and exhibited characteristic ammonium and azonium bands upon
acidification (Section 1.2.2, viii). The azonium peak commonly displayed a high
wavelength shoulder or was slightly split into two peaks. This is due to the strong acid
used, which may protonate both nitrogens of the azo group. Dyes containing stronger
electron-withdrawing groups showed longer wavelength absorption bands. Figure 3.3.3
illustrates the difference between the presence of a 4'-COCH; group (9¢) and a 4'-NO,

(9b) group on the UV-Visible spectrum of an aminoazobenzene.

Table 3.3.1: Wavelength maxima (nm) for azo dyes %a-g

Compound DMF Ethanol Ethanol/HCI
9a . 416 413 318 ;521 ; 541
9b 501 487 326 ;515 ;534
9¢c 463 453 330 ;522 ; 540
9d 452 442 321;518 ;539
%¢ 418 409 357 ;564
9f 414 407 358 ;567
9g 388 385 385 ;498
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Figure 3.3.3: UV-Vis absorbance of 9b and 9¢ in ethanol
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Table 3.3.2: 'H NMR data for dyes 9a-g

0 (ppm) in acetone-de

Aromatic H

CH,

CH;

Others

9a

6.85-6.99 (m, 2H)
7.38-7.48 (m, 2H)
7.49-7.53 (m, 2H)
7.75-7.86 (m, 3H)

3.48-3.69 (m, 4H)
3.78 (q, 2H, J=6.1)

1.21 (t, 3H, J=7.0)

3.90 (s, 1H)
OH

9b

6.91 (d, 2H, J=9.3)
7.87 (d, 2H, J=9.3)
7.96 (d, 2H, J=9.0)
8.36 (d, 2H, J=9.0)

3.52-3.67 (m, 4H)
3.81 (g, 2H, J=6.0)

1.23 (t, 3H, I=7.1)

3.95 (s, 1H)
OH

9¢

6.72-6.93 (m, 2H)
7.72-7.81 (m, 4H)
8.00-8.15 (m, 2H)

3.26-3.70 (m, 8H)

1.13 (m, 3H)
2.60 (s, 3H)

4.85 (s, 1H)
OH

9d

6.81 (d, 2H, J=8.9)
7.78 (d, 2H, J=8.9)
7.81 (d, 2H, J=8.6)
8.04 (d, 2H, J=8.6)

3.54-3.67 (m, 4H)
3.74-3.83 (m, 2H)

1.17 (t, 3H, J=6.6)

4.73 (s, 1H)
OH
13.04 (s, 1H)
COOH

9e

6.83 (d, 2H, J=9.2)
6.94 (d, 2H, J=8.9)
7.72 (d, 2H, J=8.9)
7.75 (d, 2H, J=9.2)

3.48-3.61 (m, 4H)
3.77 (g, 2H, J=6.9)

1.19 (t, 3H, J=7.1)

3.86 (s, 1H)
OH aliphatic
8.79 (s, 1H)
OH aromatic

9f

6.84 (d, 2H, J=9.4)
6.95 (d, 2H, J=8.6)
7.73 (d, 2H, J=8.6)
7.76 (d, 2H, J=9.4)

3.55-3.62 (m, 2H)
3.72-3.82 (m, 2H)

3.11 (s, 3H)

3.89 (s, 1H)
OH aliphatic
8.82 (s, 1H)
OH aromatic

9g

6.39 (d, 1H, J=2.7)

6.58 (dd, 1H, J=8.8, 2.5)

7.04 (d, 2H, J=9.0)
7.68 (d, 1H, J=8.6)
7.76 (d, 2H, J=9.0)

10.14 (s,1H)
10.36 (s, 1H)
12.47 (s, 1H)
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Table 3.3.3: *C NMR data for compounds 9a-g

0 (ppm) in acetone-dg

quat ArCH CH, CH;
111.08
142.15 121.72 45.05
9a 150.58 124.98 52.11 11.98
152.48 129.16 58.32
129.38 ,
142,52 111.42
45.27
146.65 122.35
b 151.84 124.89 géi; 11.99
156.26 126.14 :
136.53
111.26
142.45 121.76 45.19 12.01
9¢ 151.8 52.15
125.65 26.79
155.17 o 58.38
197.18 (C=0) :
130.71
142.37 Bié? 45.18
od |  151.23 Bl 52.16 12.01
155.18 o 58.38
166.95 (C=0) :
143.88 112.01
46.19
147.54 116.39
9e 151.01 124.59 gggé 12.35
159.88 125.24 :
I R
P 124.63 59.94 :
: 125.06
132.08 103.93
144.79 109.27
9g | 156.29 116.85 | e | e
152.43 124.23
160.67 134.62
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Table 3.3.4: Yield, IR and TGA data for dyes 9a-g

%
Yield IR (em™) TGAonset | TGAendset | TGAmiapoint | Weight
Loss
93 90 3412 (OH) 221 256 239 84
9b 93 3281 (OH) 262 321 291 75
3429 (OH)
9¢ 92 1663 (C=0) 252 292 271 34
2998 (OH)
9d 93 1682 (C=0) 211 254 236 44
9e¢ 95 3246 (OH) 215 253 235 46
of 90 3194 (OH) 210 257 237 40
236 241 239 14
% | 92 3193 (OH) 541 672 612 49
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3.3.2 Reaction with cyclopentadienyliron complexes

A variety of cyclopentadienyliron complexed azo dyes were prepared as shown
in Schemes 3.3.2-3.3.5. The versatility of the metal-mediated nucleophilic aromatic
substitution methodology allowed for the isolation of complexed dyes that varied
significantly in structure. Dyes 11a-b are examples of monometallic complexes that
incorporate the aminoazobenzene functionality. Alternatively, dyes 13a-¢ have the dye
chromophore positioned in a pendant manner to the complexed chain, while dyes 17a-d
are bimetallic complexes which enclose the azo dye between two complexed arenes.
Lastly, complexed dye 15 is classified as a disazo dye due to the presence of two azo
groups®. All dyes were structurally characterized by NMR, and IR spectrometry and

TGA (Tables 3.3.7-3.3.11).

N N\ +

l

R CpFe+
9e-f ' 10
9e: R = CH2CH3
of: R=CHj;
K,CO;
N,, DMF
NGO
CpFe "R
11a-b
11a: R = CH2CH3
11b: R = CH;
Scheme 3.3.2
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N N Cobet okt
CH,CH; + pre pFe
9a-c Ho 0
9a: R=H DCC,DMAP 12
9b: R =NO, CH,Cl,, DMSO
9¢: R=COCH;

SopeYenoy

CpFe+ CpFe+

N’_CH2CH3
R C N\N© 13a: R=H
13b: R=NO,

13 13c: R=COCH;

Scheme 3.3.3

HO@N CH,CH,0H
\ Pagiridey
N N + Cl cl

\
Cp]‘ e

9e | 14
K,CO;

N,, DMF

HOCH, H)G CH,H,COH

/

O

O O
l

CpFe"
i5

Scheme 3.3.4
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16a-d 17a-d coFé
16a: R=R'=H 17a: R=R'=H
i6b: R=p-CH;,R'=H 17b: R=p-CH3,R'=H
16c: R=m-CH;3, R'=H 17c: R=m-CH3z, R'=H
16d: R=p-CH; R'=m-CHj 17d: R=p-CH;z R'= m-CHjs
Scheme 3.3.5

i) Complexed dyes synthesized from 9a-f

Figure 3.3.4 presents the '"H NMR spectrum of complexed dye 13a. The Cp and
complexed aromatic proton resonances can be clearly distinguished, in addition to the
doublet at 6.99 ppm, which denotes the aromatic protons alpha to the amino bdnd. The
series of peaks between 2-4.5 ppm represent the various methylene protons, while the
methyl protons appear upfield at 1.22 ppm and 1.68 ppm.

The *C NMR of 13a is provided in Figure 3.3.5. As can be seen, there are a
series of quaternary carbons, with the furthest downfield representing the carbonyl
carbon of the new ester link. The other noteworthy peak is that of the quaternary
aliphatic carbon resonating at 45.42 ppm, which falls along side the peaks for the

methylene carbons of the molecule.

@’@L

CpFe C pFe

oo

H
@"\Ng g

JJU”UUM w
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] a8 7 & 5 a 3 2 1 Pppm

Figure 3.3.4: "H NMR spectrum of 13a
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Figure 3.3.5: °C NMR spectrum of 13a

The visible absorbance of the dyes was altered to varying degrees upon inclusion
of complexed arenes. Given that the wavelength maxima of azo compounds are greatly
influenced by the structure of the dye, it is understandable that the various types of
complexed dyes would exhibit varying degrees of change when compared to their parent
starting material. Table 3.3.5 provides the wavelength maxima of dyes 11a-b, 13a-c and
15 in DMF, ethanol and acidified ethanol. Also included in Table 3.3.5 are the
wavelength maxima of the corresponding parent dye, and the shift in wavelength
observed on formation of the complexed dye. For the HCl/ethanol trials, the difference

between peaks is taken from the azonium bands marked with an asterisk.
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Table 3.3.5: Wavelength maxima of dyes 11a-b, 13a-c and 15

Pi‘)"ye:t Aamax C"“;)‘;’:"ed A Abmax

DMF
¢ 418 1la 436 +18
of 414 11b 434 120
9a 416 13a 421 +5
9b 501 13b 491 -10
9¢ 463 13¢ 452 11
¢ 418 15 441 123

Ethanol
e 409 1la 423 14
of 407 11b 420 17
%2 413 132 414 1
9b 487 13b 483 4
9¢ 453 13¢ 452 1
9 409 15 423 +14

EtOH/HCI

9e 357 ; 564* 11a 328 ; 540* 24
of 358 ; 567+ 11b 324 ; 539% 28
92 318 ; 521% ; 541 132 502% ; 544 +1
9b 326 515% ; 534 13b 515% ; 538 0
9¢ 330 ; 522% ; 540 13c 500% ; 545 0
9% 357 ; 564* 15 340 ; 545+ 219

Compound 13a in DMF did not display the same degree of shift in Ay.x When
compared to 13b-c. This can be attributed to the lack of an electron-withdrawing group
on the azo component. The coupling reaction of 9a with 12, which forms the complex,
removes the hydroxyl group on the amino functionality, and creates an ester group.
Thus the electron donating capability of the coupling component is reduced. This results
in less electron migration and a corresponding hypsochromic shift of the absorption
band, which is clearly observed for 13b and 13¢ in DMF (-10 nm, and -11 nm,
respectively). The phenomenon is not as noticeable in ethanol due to the natural
hypsochromic shift associated with less polar solvents, which results from a reduced

stabilization of the excited state. The reason that 13a does not show a hypsochromic
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shift (indeed, a small bathochromic shift is observed) may be due to the lower degree of
electron migration associated with 13a when compared to 13b-c. The lowered electron-
donating ability of the coupling component has less of an effect in 13a since it lacks an
electron-withdrawing group in the azo component. This would necessarily result in less
of a change, and the bathochromic shift itself may result from a steric interaction that is
not observed in the other analogues.

Another interesting property of 13a is the noticeable n-n* band around 380 nm in
DMF (Figure 3.3.6). Interestingly, since 9a also displays the two peaks in DMF, the
inclusion of the bimetallic complex did not inhibit this trait. The two peaks result from
the lack of electron-withdrawing groups on 13a which, should they be present, would
cause a shift of the n-n* band and thus overpower the n-n* band. In fact, this is exactly
what is observed for 13b-¢, with no n-it* band being observed. The n-n* band is only
observed in DMF due to the greater ability of this solvent to stabilize the excited state,

thus enhancing the separation of the two bands.
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Figure 3.3.6: Anax 0f 13a in DMF and ethanol

As was evident with 13a-c, the position of Ay, may change upon inclusion of a
complexed arene. This effect greatly depends on the location of the complexed arene
relative to the azo group. Altering the coupling component has shown to cause
hypsochromic shifts, however, bathochromic shifts are observed when the complexed
arene is near the azo component. Dyes 11a-b and 15 display very interesting changes in
their absorption bands when bonded to a complexed arene. The absorption maxima are
observed to shift bathochromically, when the complexed dyes are compared to the
starting dyes. Figure 3.3.7 illustrates this shift by comparing 11a to the parent 9e in
ethanol. This effect can be attributed to the addition of the complexed arene to the dye
structure. The inclusion of the complexed arene effectively removes an electron-
donating OH group from the azo component and replaces it with an electron-

withdrawing arene. While no direct conjugation occurs between the two aromatic rings
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due to the ether linkage, the presence of the complexed arene is sufficient to enhance the
electron migration from the coupling component to the azo bridge, thus resulting in a

bathochromic shift.
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Figure 3.3.7: Amax0f 112 and 9e in ethanol

Overall, the dyes 11a-b and 15 display the common characteristics of azo dyes.
They exhibit solvent dependant absorption bands (Figure 3.3.8) and show significant
changes with acidification. Indeed, the Amax in acid aids in substantiating the influence

of the complexed arene.
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Figure 3.3.8: Solvent dependence of A,y for 11a

In acidified ethanol, complexed dyes 1la-b, and 15 are observed to display
hypsochromic shifts. This is to be expected, since under acidified conditions, the
migration of electron density flows away from the azo bond and towards the amino
nitrogen (Section 1.2.2, solvent effects). The presence of electron-withdrawing groups
near, or attached to, the azo component (such as the complexed arene) will lessen this
migration and thus increase the energy difference between the ground and excited states.
Moreover, the lower degree of migration causes the B-nitrogen of the azo bond to have a
greater basicity, thus it is preferentially protonated in acidic solution. This can be

illustrated by examining the spectra of 11a and 9e in ethanolV/HCI (Figure 3.3.9). The
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parent dye, without a strong electron-withdrawing group in the azo component, displays
two peaks, one attributed to the ammonium cation (357 nm) and one for the azonium
cation (564 nm). The heights of these peaks are nearly identical. However, upon
complexation, the spectrum changes to that of 11a. This spectrum shows a distinct
difference between the two bands, as the ammonium band is significantly smaller and
less intense than the azonium band, as a result of the increased electron density on the
azo bridge. Dyes 11b and 15 display similar characteristics, with a nearly

indistinguishable ammonium band observed for 11b.
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Figure 3.3.9: Absorption bands of 11a and 9e in ethanol/HCI
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ii) Reaction of 9g with cyclopentadienyliron complexes

The complexed dyes 17a-d differed from previous dyes in that they were not
aminoazobenzenes. Reaction of 9g with complexed arenes in a 1:2 mmol ratio resulted
in bimetallic structures that were ‘capped’ on either end. The dyes displayed interesting
properties arising from the possible hydrazone tautomer present. Dyes containing an

135137 These dyes

ortho hydroxy group have the ability to exist in the hydrazone form
typically display an extremely low field (12-15 ppm) resonance in their 'H spectra,
arising from the N-H bond formed, and a carbonyl carbon resonance in the '*C NMR!%.
Furthermore, due to the rapid exchange between the tautomers on the 8 time scale, the
NMR spectrum of the tautomers may display only one set of peaks, instead of the
expected two sets of peaks that would arise from the azo and hydrazone forms'’.
Figure 3.3.10 shows the possible tautomeric pair that could exist for compound 9g.

The uncertainty regarding which form is predominant, and whether equilibrium
exists, for dye. 9g (and the complexed dyes synthezised from it, 17a-d), originates from
the presence of both a low field resonance (which would denote a N-H bond) and a
slightly higher field resonance (which would denote a O-H bond), in addition to the lack
of a carbonyl carbon in the >C NMR spectra. For example, dye 9g displayed a strong
resonance at 12.47 ppm, which implied a N-H bond"*®>. However, no low field *C
resonance was observed which would have implied the existence of a carbonyl
carbon'®®.  The spectra of the complexes (17a-d) displayed similar characteristics. The
notable differences for dyes 17a-d are noted in that there were two peaks downfield,

which implied the presence of an N-H and a O-H bond. For example, dye 17¢ displayed

a peak at 9.65 ppm and at 13.05 ppm. The former peak may be attributed to the OH
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group, however, the latter peak would imply the formation of a N-H bond. Figure 3.3.11
compares the 'H NMR spectra of 9g and 17¢. Interestingly, upon addition of D,0, both
low field resonances were observed to disappear, which implied that those resonances
were indeed resulting from exchangeable hydrogens. Figure 3.3.12 and 3.3.13 presents
the '"H NMR spectra of 9g and 17¢ with the addition of D,O. Despite the uncertainty
regarding the azo-hydrazone tautomers, the dyes displayed the correct number of
aromatic resonances in both "H and "*C spectra and exhibited 'H coupling constants and
integrations which fell into expected values, thus leading to the conclusion that the dyes

were successfully synthesized, regardless of which tautomer predominated.

" @N\\Nli@ OoH HO‘@N\N_“’—? >-OH

Figure 3.3.10: Tautomers of 9g
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Figure 3.3.12: "H NMR spectra of 9g with addition of D,O
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Figure 3.3.13: "HNMR of 17¢ Wlth addmon of D,0O

The UV-Vis properties of dyes 17a-d showed a slight bathochromic shift in
DMF, corresponding to the presence of the complexed arene. Very little changes are
observed otherwise. Table 3.3.6 lists the wavelength data in the solvents used. For the
ethanol/HCI trials, the difference is taken between the bands marked with an asterisk.
Upon acidification no ammonium band is observed, due to the lack of an amino group,
and only a small azonium band around 490 nm arises. This is largely due to the
hydrazone form that would inhibit protonation of the azo group. Figure 3.3.14 provides

the spectrum of 17a in acidified ethanol.
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Table 3.3.6: Ay« of dyes 17a-d

C lexed
Parent Dye Amax Onll)I;:XC Amax Ahmax
DMF
9¢ 388 17a 391 +3
9¢g 388 17b 397 +9
9¢ 388 17¢ 398 +10
9¢g 388 17d 397 +9
Ethanol
9¢ 385 17a 385 0
9¢g 385 17b 387 +2
9¢g 385 17¢ 387 +2
9g 385 17d 387 +2
EtOH/HC1
9¢ 385 ; 498* 17a 383 ;495% -3
9¢g 385 ; 498* 17b 385 ; 496* -2
9¢g 385 ; 498* 17¢c 385 ; 500* +2
9¢g 385 ; 498* 17d 385 ; 496* -2

3.8500q
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Figure 3.3.14: UV-Vis spectrum of 17a in ethanol/HC]
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iii) Thermogravimetric analysis

The TGA curves of the complexed dyes displayed characteristic losses of the
metal moiety from the molecule between 200-230°C. The compounds then displayed a
second, and typically, final weight loss between 440-500°C. Complexes 11a and 13a
displayed final weight losses at higher temperatures. Due to the lower degree of
substitution in these two complexes, the higher temperature associated with final
decomposition may be attributed to the formation of lower molecular weight aromatic
compounds that have higher thermal stabilities than their substituted analogues. Figure

3.3.15 provides the TGA curve of 13b as an example.

------------------------

Figure 3.3.15: TGA curve of 13b
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Table 3.3.7: '"H NMR data for complexed dyes 11a-b ; 13a-c and 15

0 (ppm) in acetone-dg

Aromatic H Complexed ArH Cp CH,, CH;
6.89 (d, 2H, J=9.0) 12%.?6 3;?3';1)7 (%Sm
1ta | [H4 Q20,286 1 o a0 o am 324 | 360 (1, 2H, J=4.0) CH,
7.83 (d, 2H. J=9.0) | (6 sE) =
703 (3 21T 10 0) 3.79 (g, 2H, J=5.4) CH,
2> (4, 2H, 7=9.0) 3.93 (t, 2H, J=5.4) CH,
7.45-7.43 (m, 2H)
7.51-7.53 Em, 2H) 524 | 232(s3H) CH,
11b - 6.41 (s, 4TD) 3.50 (s, 3H) CH,
8.07 (d, 2H, J=9.0) (5 5H) | 3.00.3.07 (o 45D CH,
8.15 (d, 2HL J=9.0) 20-3.97 (m,
122 (i, 36, 7=7.0) CH;
6.94 (d, 2H, J=9.0) 1.68 (s, 3H) CH;
7.26 (d, 4H, J=9.0) ~ 2.12-2.20 (m, 2H) CH,
13a | 7.40-7.47 (m, 7H) 2"7“6‘ 8’ j% Lg% (SS'I?Z)ZH) 2.41-2.50 (m, 2H) CH,
7.76 (d, 2H, J=7.0) | 76 (441, J=6.7) I (s, 3.58 (g, 2H, J=7.4) CH,
7.82 (d. 2HL, J=9.4) 3.77 (t, 2H, J=5.5) CH,
4.32 (t, 2H, J=5.5) CH,
1.24 (t, 30, J=7.0) CH,
6.99 (d, 2H, J=9.4) 1.68 (s, 3H) CH;
7.27 (d, 4H, J=9.0) 3 2.10-2.19 (m, 2H) CH,
13b | 7.39 (d, 4H, J=9.0) 66'4768% ﬁ’ JJ:67'205)) (55'1305H) 2.37-2.49 (m, 2H) CH,
7.89 (d, 2H, J=0.4) | 678 (4, 4H, J=7.0) | (s, 3.58-3.69 (m, 2H) CH,
8.34 (d, 2H, J=9.0) 3.78-3.86 (m, 2H) CH,
4.30-4.39 (m, 2H) CH,
1.67 (s, 3H) CH;
3 1.23 (t, 3H, J=7.1) CH,
g'gg 8’ ig Lz'g 2.09-2.21 (m, 2H) CH,
13¢ | 739 (4 451 J=o.0) | 647 @ 4H.1=63) | 532 | 239251 (m, 2H) CH,
780780 (. 411y | 674 @ 4H,1=6.6) | (5, 10H) | 2,61 (s, 3H) CH;
800 (0. 211 1-8.6) 3.48-3.62 (m, 2H) CH,
09 (d, 2H, J=8. 3.79 (1, 2H, J=5.6) CH,
4.33 (t, 2H, J=5.6) CII,
6.96 (d, 471, 1=8.6) 1.15-1.27 (m, 6H) CH,
7.46 (d, 41, J=8.6) 541 | 3.58-3.65 (m, 4H) CH,
15 1786 (d 40, j=0.0) | 639 (s 4H) (s, SH) | 3.68-3.82 (m, 4H) CH,
7.96 (d, 4H, J=8.6) 3.92-4.09 (m, 4H) CH,

Coupling constants calculated in Hz
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Table 3.3.8: >°C NMR data for complexed dyes 11a-b ; 13a-c and 15

o (ppm) in acetone-dg

quat

Comp.

ArC ArCH quat ArCH Cp CH; CH; | Others
122.10 55.60
11a %22;2 123.95 | 101.61 g‘gg 78.45 | 59.53 }g% ------
: 127.89 : 65.89 :
118.70
132.52 77.68 58.40 | 19.83
b | 5,0y | 12239 1 10179 | gneq | 7838 | 5903 | 4050 | T
122.94
112.30
143.98 | 121.22 3(7)(7)3
| 14783 | 12588 | 10482 | 7704 | oo | Q70 | 1231 | 4sa2e
a1l 15173 | 12991 | 133.80 | 87.79 : : 2776 | 173.53*
2 48.99
152.00 | 130.39 g
130.57 :
14417 | 112.55
147.82 | 121.22 gggz
Lap | 14817 | 12330 | 10478 | 7699 | oo 2000 | 1234 | 4s.70¢
151.94 | 125.54 | 133.80 | 87.75 : : 27.75 | 173.53%
49.08
152.95 | 127.04 e
157.41 | 130.56 '
137.91 | 112.36
30.67
144.08 | 121.17 .
14778 | 122.69 | 104.70 | 76.85 37.02 1 1231 | 4550
13 8031 | 46.16 | 26.83 | 173.50*
151.85 | 126.47 | 133.87 | 87.66
48.96 | 27.72 | 197.34%
15231 | 130.12 Jhged
15630 | 130.50 '
G
15 : ' 13020 | 7590 | 78.45 | s52.64 | 1239 | -
151.06 | 124.21 oo
154.44 | 125.58 :

*quaternary carbon
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Table 3.3.9: 'H NMR data for complexed dyes 17a-d

0 (ppm) in acetone-dg

Comp. ArH &
Aromatic H Aromatic H Cp CH; Others
(overlapped)
6.58 (dd, 11, 7=8.5 2.4)
7.51(d,2H, J=8.7) | 6.38-6.44 (m, 9H) | 529 .
1721 776 (4 10, J=9.0) | 6.49-6.54 (m. 21) | (s. 10H) | ~ 13.18 (s, 1H)
8.02 (d, 2H. J=9.0)
6.65 (dd, 1H, J=38.8, 2.6)
7.51 (d, 2H, J=8.6) _ 528 | 2.53 | 9.56 (s, 1H)
701 7781w 1=00) | 40649 | oy | o) 6m) | 12.99 (5. 1H)
8.04 (d, 2H, J=8.6)
6.65 (dd, 1H, J=8.7, 2.6) -
e | 7-51(d, 2H, 8) ggggzégmgg 524 | 259 | 9.65 (s, 1H)
7.78 (4, 10, J=85) | &0 (?’ZH) (s, 10H) | (s, 6H) | 13.05 (s, 111)
8.03 (d, 2H, J=8.2) 20-6.58 (s,
6.65 (d, 1H, 7=8.9) 351
_ 9.53 (s, 1H)
7.48 (d, 2H, J=8.3) . 518 | (s, 650 >
74| 76 @ sy | 6306507 | St 168D ison s, 1w
8.01 (d, 2H., J=8.3) (s, 6H)

Coupling constants calculated in Hz
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Table 3.3.10: °C NMR data for complexed dyes 17a-d

0 (ppm) in acetone-dg
quat ArC ArCH C;;’;f‘ i‘;‘é‘g Cp CH;
135.45 103.04
144.78 109.31 79.10
17a | 15629 116.87 132.96 $6.03 7819 | e
160.73 124.22 $7.84
162.53 134.60
133.46 104.01
149.45 110.09
17 | 155.81 122.31 }gé?/g g;g% 78.69 19.90
156.90 124.67 : :
163.88 135.42
135.44 104.01
149.49 110.07 1037 ;gzi
17c | 15572 122.42 : : 78.69 20.44
133.50 $6.52
156.87 124.66 a o
163.87 133.45 :
133.43 104.00
149,43 110.17 100.60 76.44 1820
17d | 155.88 122.24 102.25 79.66 78.89 o
156.92 124.63 132.35 $8.06 :
164.09 135.42
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Table 3.3.11: Yield, IR and TGA data for compounds 11a-b ; 13a-c ; 15 ; 17 a-d

%
%Yield IR (cm-l) T(é%o)nset T(;('OAé;dset TG??;;point Welght

loss

s 97 3469 (OH) 216 264 249 25
841 (PFs) 568 629 581 37

11b %0 3407 (OH) 231 286 259 31
841 (PF¢) 446 462 459 4

220 237 244 22

13a 9 187239 ((EFZ ? 410 456 432 22
545 592 568 10

13b 90 1731 (C=0) 223 238 231 19
843 (PF¢) 468 539 497 58

1736 (C:O) 223 246 236 19

13¢ 87 1677 (C=0) 363 390 281 1

843 (PFy) > °

15 g5 3427 (OH) 220 233 230 11
844 (PFy) 404 472 435 25

17a 29 3428 (OH) 203 224 219 10
843 (PFy) 442 467 468 8

17b 9 3435 (OH) 217 240 236 16
843 (PF¢) 470 481 464 7

17e 9% 3489 (OH) 218 262 244 18
843 (PFy) 485 563 515 14

174 o1 3510 (OH) 203 224 219 10
843 (PFs) 442 467 468 8
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3.3.3 Polymerization of complexed dyes 13a-c

The structures of 13a-¢, containing terminal complexed arenes, allowed a metal-
mediated nucleophilic aromatic substitution polymerization to occur. Reaction with one
of three dinucleophiles (18a-¢) produced a series of highly coloured polymers that

contained the azo chromophore as a side chain pendant to the backbone (19a-i). Scheme

3.3.6 illustrates the polymerization reaction.

Jopeyenoy

CpFe CpF‘e

HO/

-
R@l‘\N@ )

13a-c

13a: R=H

13b: R=NO,
13c: R =COCH;

H

N._~
K Q N\Ng

19a-i

K;CO3
DMF

19a:
19b:
19c:
19d:
19e:
19f1:
19g:

10y

o

19i:

HX—R'—XH

18a-c

| . X—R-X
CpFe CpFe .

H, X-R'-X=18a

H, X-R'-X =18b

H, X-R'-X =18¢

R =NO;, X-R'-X = 18a

R =NO,, X-R'-X =18b

R =NO,, X-R'-X =18¢

R =COCHj3, X-R'-X =18a
R =C0CH;, X-R'-X =18b

R =COCH;, X-R'-X =18¢

R
R
R

oo

18a

HOOH HS@ S@ SH

18¢

Scheme 3.3.6
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Polymerization was confirmed via 'H and '3C NMR spectrometry. Polymers
19¢,£,h,i were highly insoluble in organic solvents, thus it was not possible to record
their *C NMR spectra. The 'H spectra of 13a and 19a are compared in Figure 3.3.16.
Isolation of the polymeric material can be confirmed by observing the presence of a
broad singlet around 6.2 ppm in the polymer spectrum (representing the complexed
aromatic protons), instead of the two doublets between 6.0-6.8 ppm (in 13a). The Cp
peak is also shifted upfield, from 5.32 ppm (13a) to 5.18 ppm (19a), which is indicative
of polymerization'®. Additionally, all the peaks were observed to broaden, due to the
increase in molecular weight. Further analyses were performed using UV, IR and TGA
techniques (Table 3.3.12 — 3.3.16). The thermal properties of the polymers mirrored

those of the starting monomers.

c/@ ’ @ @ 0@0

CpFet CpFe*

J}‘U’N\JMW

Figure 3.3.16: 'H NMR spectra of 13a (top) and 19a (bottom)
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The UV-Vis properties of the complexed polymers were not observed to change
to any significant extent when compared to the complexed monomers. In DMF,
bathochromic or hypsochromic shifts were smallest between the complexed polymers
and monomers, while larger changes were observed when the Amax values were
compared to the original parent dyes (9a-c). For example, the nitro-substituted
polymers (19d-f) displayed similar hypsochromic shifts (-11nm, —10nm and -10nm,
respectively) from the parent dye as the monomer itself (13b, -10nm). This indicates
that initial complexation of the azo dye, and not polymer formation, was largely
responsible for the observed hypsochromic shift. This is further substantiated by the fact |
that polymers 19a-c¢ displayed the n-n* transition, in addition to the m-r* transition,
whereas the NO, and COCHj analogues did not.  Table 3.3.12 provides the Ay, and

Ahmax shifts between complexed polymer, monomer and parent dyes.
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Table 3.3.12: Wavelength maxima for polymers 19a-i

A, A
Parent CpFe* max max
Dye (9) Amax (M) 13x Amax (nm) Polymer Amax (nm) fr9(;m f;ggl
DMF
9a 416 13a 421 19a 420 +4 -1
9a 416 13a 421 19b 418 +2 -3
9a 416 13a 421 19¢ 419 +3 -2
9b 501 13b 491 19d 490 -11 -1
9b 501 13b 491 19¢e 491 -10 0
9b 501 13b 491 19f 491 -10 0
9¢ 463 13¢ 452 19¢ 453 -10 +1
9¢c 463 13c 452 19h 454 -9 +2
9¢ 463 13¢ 452 19i 452 -11 0
Ethanol
9a 413 13a 414 19a 414 +1 0
9a 413 13a 414 19b 418 +5 +4
9a 413 13a 414 19¢ 415 +2 +1
9b 487 13b 483 19d 479 -8 -4
9b 487 13b 483 19¢ 482 -5 -1
9b 487 13b 483 19f 482 -5 -1
9¢ 453 13¢ 452 19¢ 452 -1 0
9¢ 453 13c 452 15h 449 -4 -3
9¢ 453 13¢ 452 191 451 -2 -1
Ethanol
MHC1
9a 521 ; 541 13a | 522% ;544 19a 520%; 545 0 -2
9a 521 ; 541 13a | 522% ;544 19b 527%;550 | +6 +5
9a 521 ;541 13a | 522% ;544 19¢ 521%; 547 0 -1
9b 515;534 13b | 515* ;538 19d 515%; 540 0 0
9b 515;534 13b | 515% ;538 19e 517%;540 | +2 +2
9b 515,534 13b | 515% ;538 19f 515% ;540 0 0
9¢ 522 ; 540 13¢ | 522% ;545 19¢g 521*% ;549 | -1 -1
9%¢ 522 ; 540 13¢ | 522% : 545 1%h 518% ;549 | -4 -4
9¢ 522 ; 540 13¢ | 522% ;545 191 522% ; 549 0 0

The molecular weights of the polymers were determined by gel permeation
chromatography (GPC). Due to the interactions of the cationic organoiron moiety with
the stationary phase of GPC columns, the polymers were decomplexed prior to analysis

(Section 3.3.4). The corresponding molecular weights of the complexed polymers were
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calculated based on the number of repeating units in the decomplexed samples. Table

3.3.13 provides the data.

Table 3.3.13: Molecular Weights and Polydispersity indices of polymers 19a-i and their
decomplexed analogues.

Polymer Complexed Mw Decomplexed Mw PDI
19a 18 200 11 500 1.43
19b 15 100 9 800 1.41
19¢ 14 100 8 800 1.22
19d 17 400 11200 2.04
19e 17 400 11 300 2.64
19f 13 400 8 400 1.29
19g 13 400 8 600 1.16
19h 31 600 20 500 1.18
19i 15300 9 600 1.20
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Table 3.3.14: '"H NMR data for polymers 19a-i

0 (ppm) in dimethylsulphoxide-dg
. Comp.
Aromatic H ArH Cp CH; Others
6.80-6.89 (m, 4TD) 1.95-2.07 (s, 2H)
6.97-7.09 (s, SE) | . qg | 225240 (m 2H) | 112 (s, 3H) CHy
19a | 7.14-7.25 (m, 8H) | & : 3.39-3.48 (s, 2H) | 1.64-1.78 (m, 12H)
(s, 8H) | (s, 10H)
7.36-7.48 (m, 4H) | & ’ 3.65-3.82 (m, 2H) CHa
7.58-7.75 (m, 4H) 421 (s, 2H)
_ 2.07 (s, 2H)
6.88 (d, 2H, J=9.0) 2.29-2.43 (m, 2H) | 0.97-1.21 (m, 3H)
721732 (m, 8H) | 626 | 5.14
19b 3.54-3.55 (m, 2H) CH;
7.40-7.52 (m, 8H) | (s, 8H) | (s, 10H)
3.66 (brs,2H) | 1.59 (s, 3H) CH;
7.58-7.68 (m, 7H) 425 (0n o o
3 0.99-1.15 (m, 3H)
6.80-6.92 (m, 4H) | 623 It Em ;g; CH
7.15-7.25 (m, 4H) | (s,4H) | s5.08 | 238253 (m, 1.25-1.38 (m, 8H)
19¢ 3.08-3.23 (m, 2H)
738748 (m 4H) | 635 | (s 10) | 3'gg 3 co o o) | CHs and CHy
7.61-7.75 (m, 4H) | (s, 4H) >8-3.69 (m, 1.50-1.65 (m, 11H)
4.05-4.19 (m, 2H)
) ’ CH3 and CHz
6.91 (d, 20, J=9.6) 1.97-2.15 (m, 20D
718730 (m, 4H) | ig | 222236 (m 21 1'01’1'(1:%5]“” 3H)
19d | 7.37-7.45 (m, 128 | & 18 1348357 (m. 210
7.83-7.93 (m, 48) | &8 | IO | 355 570 (m, 2m) }'22 ES’ ggg 253
8.32 (d, 2H, J=9.4) 4.18-4.29 (m, 2H) 015, 3
6.90 (d, 2H, J=9.4)
7.13-7.25 (m, 4H) 1.97-2.15 (m, 2H)
100 | 745 (@ AHT=T4) | 628 | 515 | 2.27-2.39 (m, 28) 0'96'1'C1§{<m’3H)
©| 7.53-7.68m 4H) | (s 8H) | (s, 10H) | 337353 (m 2H) | | (5. 310 CH
7.71-7.85 (m, 4H) 4.13-426 (m, 21 | 160G :
8.30 (d, 2H, J=9.0)
1.27-1.39 (m, 8H)
Sg‘s‘ggg Em ﬁg 6.14-6.26 2.00-2.15 (m, 2H) | 0.96-1.20 (m, 3H)
108 | 7707 86 (m’ gy | (4D | 5.09 | 230245 (m, 2H) CH;
TO1-801 (o 4ty | 626638 | (10H) | 3.453.49 (m, 2H) | 1.45-1.63 (m, 11H)
7.91-8.01 (m, 4H 4H 3.62-3.78 (m, 2H) |  CH, and CH
$.12-8.30 (m, 211 | (™ 4D S0 gl;’ 2H§ 3 2
1.95-2.03 (m, 2H) | 0.98-1.11 (m, 31D
6.81-7.08 (m, 191) | . sog | 230 (brs, 2H) CH,
19¢ | 7.63-7.69 (m, 41 | & 98 | 328-3.45 (m, 2H) | 1.41-1.82 (m, 9H)
(s, 8H) | (s, 10H)
7.90-7.99 (m, 2H) | & > 3.51-3.60 (m, 2H) CHs
4.10-4.19 (m, 2H) | 2.40 (s, 3H) CH,

Coupling constants calculated in Hz
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Table 3.3.14: 'H NMR data for polymers 19a-i continued

6.80-6.90 (m, 2H)

1.57-1.68 (m, 2H)
2.01-2.17 (m, 2H)

1.08-1.12 (m, 3H)

626 | 5.15 CH;
19h | 7.13-7.80 (m, 18H) 3.28-3.36 (m, 2H)
7.95-8.05 (m, 481) | (&8 | (& 1OH) | 5700 305 (m, 281 ;gg (s, gg) g?
4.15-421 (m, 20) | 272 (s 3H) CH;
6.73-6.85 (m, 2H) ko g;‘ SI}B 0.97-1.15 (m, 3H)
poi | 704722 (m 8H) | 600637 497 | ol 0 B CH,
7.60-7.68 (m, 4H) | (mS8H) | (s, 10H) | 124209 (m, 2.19-3.10 (br m, SH)

7.90-7.99 (m, 2H)

3.31-3.45 (m, 2H)

CH3 and CHz

Coupling constants calculated in Hz

4.03-4.21 (m, 2H)
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Table 3.3.15: °C NMR data for soluble polymers 19a,b,d,e,g

O (ppm) in dimethylsulphoxide-dg
qA‘ié“ ArCH C(;’:;f‘ i‘l’fgg Cp | CH, | CH; | Others
111.61
14254 | 114.98
146.04 | 117.73 o1 | L N
147.904 | 12013 | . : 1217 | 42.39*
19a | 15147 | 121.90 Egéﬁ ;zg; 78.05 jg'fg 27.19 | 45.12%
151.67 | 125.18 : : do0> | 3078 | 172808
152.48 | 127.58 :
15536 | 128.94
129.40
111.79
136.70 | 120.51
142,69 | 122.51 65 30.22
Lo | 14642 | 12539 | 10359 | 1832 | | a4g1 | 1232 | 4533+
15091 | 12954 | 13210 | 7 | P00 agog | 2700 | 173.06%
151.30 | 129.89 : 61.95
152.59 | 132.39
135.16
143.05 | 112.03
14620 | 115.13
147.15 | 120.29 30.15 )
foa| 14809 | 12231 | 13049 | 7741 | .| 4496 | 231 426
151.63 | 12531 | 13027 | 7534 2| asse | 20N | A
151.83 | 12645 61.90 ' :
152.16 | 127.72
156.41 | 129.50
136.66 | 111.99
143.08 | 120.54 ~
14636 | 122.72 76.50 30.23
103.61 44.94 | 1232 | 4529+
19| 147.10 | 12523 | (5o 7802 | 7900 | g0t | 1232 529T
15129 | 126.49 : 8537 s : :
15213 | 129.52 :
156.34 | 135.17
13640 | 111.32
14237 | 11732
a7 11973 2059 | || 41.92¢
10g | 14785 | 12154 | 12974 | 7463 | | 4438 | LD a4
[a0o% | 12540 | 12995 | 7684 4738 | 2992 | 172510
128.55 61.28 351 196,92+
151.26
1220 128.96
129.26

* quaternary carbon
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Table 3.3.16: Yield, IR and TGA data for compounds 19a-i

%
Yield IR (cm-l) TG('OACO)nSet T(i(ﬁ;l)ldset TG?gspoint Weight
loss
1727 (C=0) 225 248 242 9
192 % 842 (PFy) 510 526 516 28
1729 (C=0) 212 233 225 8
19b 3 843 (PFy) 308 470 428 33
" o 1731 (C=0) 208 229 223 3
¢ 842 (PFy) 402 442 423 24
- 227 243 237 7
19d 97 1; i? ((I?I; g) 397 454 421 29
6 572 613 590 27
1729 (C=0) 225 245 236 13
19e 97 843 (PF¢) 469 500 485 13
- 211 237 225 13
19f 94 1; j j’ ((51; g) 405 435 494 14
6 489 502 469 13
1736 (C=0) 223 244 241 4
19g 89 1677 (C=0) 501 555 530 2%
843 (PFy)
1731 (C=0)
271 253 238 16
19h 90 1674 (C=0) s o g >
844 (PFy)
. 1736 (C=0) 209 248 232 16
191 95 1676 (C=0) 413 491 452 29
842 (PFy)
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3.3.4 Decemplexation of azo dyes
i) Decomplexation of dyes 11a-b, 13a-c, 15, 17a-d

Photolytic demetallation of the complexed azo dyes in a mixture of
acetonitrile/dichloromethane liberated the organic analogues. The demetallation
reactions are presented in Schemes 3.3.7-3.3.10. The pure organic dyes were
characterized in the same manner as the complexed versions. The 'H and *C NMR data

for compounds 20a-b, 21a-c¢, 22, and 23a-d are presented in Tables 3.3.19-3.3.22.

N CH,CH,0H "3@ 0’@‘”\ CH,CH,0H
. N—@N\ v N‘—@N\
CpFe R R

11a-b 20a-b
11a: R=CH,CH; 20a: R=CH,CH,
11b: R=CH, 20b: R = CH,
Scheme 3.3.7

Jopeyeonocy L0 OQ,
N(?/ o hy (?,c\\o

O O OO

N N/\/
13a-c 21a-c
13a: R=H 21a: R=H
13b: R=NO, 21b: R=NO,
13c: R=COCH, 21c: R=COCH,
Scheme 3.3.8
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HOCHZHZC /CHZCHZOH
CpFe
15
hv

HOCHszC /CHZCHZOH

Scheme 3.3.9

B Oy P Oy

17a-d CPFe 23a-d
17a: R=R'=H 23a: R=R'=H
17b: R=p-CH;,R'=H 23b: R=p-CH3, R'=H
17¢: R=m-CH3, R'=H 23¢: R=m-CH;, R'=H
17d: R=p-CH; R'= m-CH; 23d: R=p-CH; R'= m-CHj;
Scheme 3.3.10

Upon decomplexation, the dyes were observed to lose the Cp resonance from the
NMR spectra, with a concomitant downfield shift of the complexed aromatic protons.
Figure 3.3.17 and 3.3.18 presents the 'H and *C NMR spectra of 23d. Similar to its
complexed analogue, there exist two peaks due to the possible tautomers. The peak at
13.10 ppm implied a H bonded to nitrogen, while the 9.37 ppm peak implied a H bonded
to oxygen. The aromatic region shows a series of doublets indicative of the structure,
and the aromatic protons on the coupling component are clearly visible with the removal

of the complexed aromatic protons. The *C NMR spectrum displays eight quaternary
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aromatic carbons, with the 162.91 ppm and 160.81 ppm signals representing the carbons
bonded to the ether oxygens on the coupling component and azo component,

respectively.

HO.
OO Qpren
H;C CH,

I ¥ YR

T T T
13 iz 11

Figure 3.3.17: 'H NMR spectrum of 23d

LLli |

T : e . T y . 7
189 158 140 2f] 108 80 50 ag 2 ppm

Figure 3.3.18: >C NMR spectrum of 23d
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Decomplexation of the dyes reduced the degree of shift of Amax from the parent
dye. Table 3.3.17 provides the Amax values for the dyes and the degree of shift from the
complexed analogue and parent. On examination of the shifts in wavelength, it is
evident that a general shift towards the parent occurs. This can be attributed to the
removal of the electron-withdrawing cyclopentadienyliron moiety. One of the greatest
effects of removal of the iron moiety is observed with compound 22, which displays a
13 nm shift away from the complexed form. Being a disazo compound, this result is not
surprising, as the electron-withdrawing power of the CpFe” moiety was affecting two
azo groups.

In addition, the removal of the iron centers returned the absorption profile in
acidified ethanol of 20a-b and 22 closer to the original dye. Examination of the spectra
of 20a in acidified ethanol reveals the presence of a significant ammonium band (Figure
3.3.19). As previously explained, the presence of the CpFe* complexed arene increased
the basicity of the azo group. Removing the iron moiety lowered the electron density on
the azo group and therefore increased the degree of protonation at the amino group.
Figure 3.3.20 provides the UV-Vis spectra of 9f, 11b and 20b (parent, complexed and
decomplexed, respectively). As can be seen, the complexed form displays the lowest
ammonium band, while the decomplexed form returns the band closer to the original

value.
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Table 3.3.17: Wavelength maxima of decomplexed dyes 20a-b, 21a-c, 22, 23a-d, and
degree of shift from the parent and complexed analogues.

A)\fmax

P;l)rent Cl())m%). Decolt;lplexed domax () from Adsy from 9%
ye ye: e complexed

DMF
%¢ lla 20a 425 -11 +7
of 11b 20b 421 -13 +7
9a 13a 2la 419 +2 +3
9b 13b 21b 490 -1 -11
9¢ 13¢ 21c 454 +2 -9
9¢ 15 22 428 -13 +10
9¢g 17a 23a 387 -4 -1
9¢ 17b 23b 393 -4 +5
9¢g 17¢ 23c 388 -10 0
9¢ 17d 23d 392 -5 +4

Ethanol

9e 1la 20a 415 -8 +6
9f 11b 20b 412 -8 +9
%9a 13a 2la 410 -4 -3
9b 13b 21b 479 -4 -8
9¢ 13¢ 21c 447 -5 -6
9 15 22 415 -8 +6
O¢g 17a 23a 385 0 0
9¢g 17b 23b 387 0 +2
9¢g 17¢ 23c 387 0 +2
9¢g 17d 23d 387 0 +2

EtOH

[HCI
9 11la 20a 351 ;551% +11 -13
9f 11b 20b 351 ; 547* +8 -20
9a 13a 2la 524%* ; 544 +2 +3
9% 13b 21b 515% ;537 0 0
9¢ 13¢ 21c 521%* ;545 -1 -1
9¢ 15 22 348 ; 548* +3 -16
O¢g 17a 23a 385 ; 498* +3 0
9¢g 17b 23b 387 ; 498* +2 0
9¢g 17c 23c 387 ; 498* -2 0
9g 17d 23d 387 ; 498* +2 0
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Figure 3.3.19: Absorption spectrum of 20a in ethanol/HCI
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Figure 3.3.20: Absorption spectrum of compounds 9%, 11b, 20b in ethanol/HCI
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Thermogravimetric analysis of the dyes displayed a two step degradation
process. The first step, occurring between 200-280°C, may be attributed to the release of
the azo bond as molecular nitrogen (Section 1.2.4), since it occurs regardless of the
structure of the azo dye. This correlates with previous reports that indicate cleavage of
the azo bond is a common first weight loss step”’. The remaining weight loss is
therefore attributed to the destruction of the aromatic units remaining after removal of
the nitrogen double bond. Figure 3.3.21 provides the TGA curve for 20b as an example.

Table 3.3.23 presents the TGA data.

HOCHZHZC\
> O O--Oren
H;C

B s S i EALES M S S s B S Dane S skt R S R e Wtk S A RN U ML NS BEALENNL A AL R RS A N L B AL B ML AL AL
100 200 300 400 500 600 700 800 800 [o]

Figure 3.3.21: TGA curve for 20b

ii) Decomplexation of polymers 19a-i
The organic polymers 24a-i were isolated when 19a-i were photolyzed using 300
nm light in an acetonitrile/dichloromethane mixture, as shown in Scheme 3.3.11. The

organic polymers were fairly insoluble, and while "H NMR spectra were recorded for
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all, only polymers 24a,b,d,e,g were soluble enough to record 3C NMR spectra. The 'H

NMR spectrum of 24d is provided in Figure 3.3.22. As is expected, no Cp or complexed

aromatic resonances are observed, while the remaining peaks still display the

characteristic broad peak shape associated with macromolecular samples.

ROGORON

X”—R'—X

CpFe CpFe n

H

N~
O O .

19a-i

©©

24a: R=H, X-R'-X=18a

H 24b: R=
24¢c: R=
RO @ el 24d: R=
XN 24e: R=
24f: R=

24a-i 24g: R =
24h: R=
24i: R=

X—R'-X
n

H, X-R'-X =18b
H, X-R'-X = 18c¢

NO,, X-R'-X = 18a
NO,, X-R'-X = 18b
NO,, X-R'-X = 18¢
COCH;, X-R'-X = 18a
COCH;, X-R'-X =18b
COCH;, X-R-X = 18¢

OO0 sOsOrs

18¢

Scheme 3.3.11
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Figure 3.3.22: '"H NMR spectrum of 24d

The molecular weights of the polymers were determined as previously discussed
and presented in Section 3.3.3. The TGA curves of the decomplexed polymeric
materials displayed similar weight losses as the other decomplexed dyes.

The visible absorption of the organic polymers were almost identical to those of
the complexed polymers, further substantiating that original complexation, which
formed the organometallic monomers (Section 3.3.2), caused the changes in Amex. Table
3.3.18 provides the absorption maxima for the decomplexed polymers and the degree of
shift from the complexed polymers. Figure 3.3.23 illustrates the absorption profiles for
the polymers incorporating bisphenol-A (18a). As can be seen, the presence of the
electron-withdrawing NO, (24d) and COCHj3 (24g) groups shift the maxima to higher

wavelengths when compared to the unsubstituted analogue (24a).
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Table 3.3.18: Wavelength maxima for 24a-i

A;\-max Axmax A;\fmax
from from from
Polymer | hu (um) | ol | b (o) | GOEL | s am) | S
Polymer Polymer Polymer
Ethanol
DMF Ethanol HCI
24a 417 -3 419 +5 427, 524 +3
24b 419 +1 415 -3 420; 523 -4
24c 419 0 414 -1 427; 521 0
24d 489 -1 478 -1 507; 540 -8
24e 490 -1 484 +2 513; 540 -4
24f 489 -2 482 0 512 ;540 -3
24¢ 452 -1 448 -4 517 ; 549 -4
24h 454 0 453 -+4 500 ; 549 -18
241 452 0 462 +11 514 ;549 -8
0O.400
O. 300-
S |
? O .200
0.100
o.o0=2al . 1
235.0 400.0 500.0 600 .0

wavelengthh (nim.)

Figure 3.3.23: Wavelength maxima of 24a,d,g in ethanol
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Table 3.3.19: '"H NMR data for compounds 20a-b ; 21a-c ; 22

0 (

pm) in chloroform-d

Aromatic H

CH,

CH;

Other

20a

6.86 (d, 2H, J=9.4)
7.00 (d, 2H, J=8.4)
7.05 (d, 2H, J=9.0)
7.24 (d, 2H, J=8.7)
7.78 (d, 2H, J=9.4)
7.82 (d, 2H, J=9.2)

3.52-3.64 (m, 4H)

1.21 (t, 3H, J=7.0)
3.77 (t, 2H, J=6.1)
2.33 (s, 3H)

4.15 (s, 1H)
OH

20b

6.85 (d, 2H, J=9.0)
6.99 (d, 2H, J=8.6)
7.05 (d, 2H, J=9.0)
7.24 (4, 2H, J=8.2)
7.79 (d, 2H, J=9.4)
7.82 (d, 2H, J=9.0)

3.61 (¢, 2H, J=5.7)
3.78 (t, 2H, J=5.7)

2.33 (s, 3H)
3.12 (s, 3H)

10.81 (s, 1H)

OH

21a

6.91-7.01 (m, 9H)
7.20 (d, 4H, J=8.6)
7.36 (d, 2H, J=9.0)
7.42-7.52 (m, 6H)
7.78 (d, 2H, J=8.4)
7.89 (d, 2H, J=9.0)

2.10-2.15 (m, 2H)
2.35-2.45 (m, 2H)
3.58 (q, 2H, J=7.0)
3.76 (t, 2H, J=5.9)
4.29 (t, 2H, J=5.9)

1.21 (t, 3H, J=6.6)
1.60 (s, 3H)

21b

6.90-7.10 (m, 10H)
7.19 (d, 4H, J=9.0)
7.36 (d, 4H, J=9.0)
7.89 (d, 2H, J=9.4)
7.92 (d, 2H, J=9.4)
8.33 (d, 2H, J=9.0)

2.09-2.14 (m, 2H)
2.33-2.45 (m, 2H)
3.61 (q, 2H, J=7.0)
3.79 (t, 2H, J=5.9)
431 (t, 2H, J=5.9)

1.23 (t, 3H, J=7.0)
1.59 (s, 3H)

21¢

6.79 (d, 2H, J=8.9)
6.85-6.97 (m, 8H)
7.11 (d, 4H, J=8.9)
7.18-7.29 (m, 4H)
7.81-7.88 (m, 4H)
8.04 (d, 2H, J=8.2)

2.01-2.15 (m, 2H)
2.30-2.49 (m, 2H)
3.49 (q, 2H, J=7.0)
3.65 (t, 2H, J=6.3)
4.26 (1, 2H, J=6.6)

1.23 (t, 3H, J=7.4)
1.58 (s, 3H)
2.64 (s, 3H)

22

6.86 (d, 4H, 1=9.4)
7.14 (d, 4H, J=9.0)
7.19 (s, 4H)
7.79 (d, 4H, J=9.4)
7.85 (d, 4H, J=9.0)

3.52-3.54 (m, 4H)
3.74-3.83 (m, 4H)
3.87-3.95 (m, 4H)

1.18-1.29 (m, 6H)

Coupling constants calculated in Hz
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Table 3.3.20: >C NMR data for compounds 20a-b ; 21a-¢ ; 22

0 (ppm) in chloroform-d

quat ArC ArCH CH, CH; Others
134.32 112.17
143.88 118.87
20a 149.46 120.30 e 232 |
151.41 124.43 oy 20.67
155.08 125.67 '
159.90 131.29
134.41 112.26
144.06 118.90
- 149.56 120.36 55.29 2066 |
152.74 124.49 59.96 39.45
155.15 125.46
160.03 131.32
112.59
128.53 119.29
143.93 120.88 30.80
145.03 122.67 37.18 .
21a 151.81 126.19 45.79 v e
153.44 129.57 49.25 : :
155.62 129.86 62.24
157.17 130.19
130.56
128.43 112.53
144.33 119.36
145.08 120.82 o
b 148.34 123.33 P 12.35 45,59+
152.96 125.49 oo 27.74 173.65*
155.62 126.98 ey
157.13 129.61 :
157.68 130.59
128.12 e
136.91 oo 30.21
143.50 : 36.41 1222
2e 143.76 o 44.87 2674 | e
150.69 o 48.55 27.62
154.83 128, 61.38
155.74 129.26
129.60
142.46 111.46
148.61 118.59 45.44
22 150.69 121.48 52.51 1242 | e
152.36 123.95 58.72
158.58 125.15

* quaternary carbon
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Table 3.3.21: "H NMR data for compounds 23a-d

3 (1

ppm) in acetone-dé

Aromatic H

CH;

Other

23a

6.38 (d, 1H, J=2.3)
6.58 (dd, 1H, J=8.6, 2.3)
6.9 (d, 4H, J=9.0)
7.12 (d, 4H, J=7.8)
7.23 (d, 2H, J=7.6)
7.44 (t, 1H, I=7.8)
7.69 (d, 1H, J=8.6)
7.76 (d, 2H, J=9.0)

23b

6.40 (d, 1H, J=2.7)
6.60 (dd, 1H, J=8.9, 2.5)
7.00 (d, 4H, J=8.6)
7.08 (d, 4H, J=9.0)
7.25 (d, 2H, J=8.2)
7.72 (d, 1H, J=8.6)
7.87 (d, 2H, J=9.0)

2.34 (s, 6H)

9.39 (s, 1H)
13.09 (s, 1H)

23¢

6.40 (d, 1H, I=2.3Hz)
6.61 (dd, 1H, J=8.8, 2.3)
6.86-6.96 (m, 4H)
7.02-7.06 (m, 2H)
7.11 (d, 2H, J=8.6)
7.31 (d, 2H, J=8.6)
7.73 (d, 1H, J=9.0)
7.88 (d, 2H, J=8.6)

2.34 (s, 6H)

9.3 (s, 1H)
13.10 (s, 1H)

23d

6.82 (dd, 2H, J=8.2, 2.3)
6.91 (d, 1H, J=2.3)
7.07 (d, 2H, J=9.0)
7.18 (d, 2H, J=8.2)
7.72 (4, 2H, J=8.2)
7.85 (d, 2H, J=9.0)

2.24 (s, 12H)

9.37 (s, 1H)
13.10 (s, 1H)

Coupling constants calculated in Hz
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Table 3.3.22: >C NMR data for compounds 23a-d

o (ppm) in chloroform-d

quat ArCH ArCH CH;
133.02 103.94
144.82 109.28
° 116.87
156.32 119.48
23a 156.60 A0 —
124.25
160.72 "
162.45 130.92
163.18 134.62
135.05
133.29 104.00
134.75 109.65
146.98 119.03
23b 154.75 120.60 20.70
156.60 124.18
160.85 131.41
163.09 135.05
103.75
133.05 109.43
140.92 117.22
146.92 119.25
23¢ 156.42 120.81 21.10
156.93 123.99
160.22 125.61
162.92 130.46
134.88
133.13 103.85
133.22 109.46
139.23 117.78
234 146.70 118.81 18.93
154.71 121.66 19.72
156.44 124.00
160.81 131.56
162.91 134.92

* quaternary carbon
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Table 3.3.23: Yield, IR and TGA data for compounds 20a-b ; 21a-c ; 22 ; 23a-d

%vicld | IR (em™) T((;%o)nset TG(OACH),dset TG?gmmm %loss
20a 75 3472 (OH) 2‘7‘3 322 égé gZ)
20b 73 3427 (OH) ?;g 2;? égg iz
21a 90 1732 (C=0) 387 467 413 52
21b 88 1735 (C=0) ééi 285 éﬁg f(l)
21e %6 1736 (C=0) 243 283 254 8
1679 (C=0) 415 485 441 30
22 85 3382 (OH) égg % 252 i;‘
23a | 90 3190 (OH) 2;9, %fé éé; };1
23b | 70 3407 (OH) ‘2‘23 éji ?2/2 ?451
23c 95 3448 (OH) ggg éfg §§§ ?2
23d | 87 3427 (OH) iéé 322 42147% ';,(5)
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Table 3.3.24: '"H NMR data for polymers 24a-i. (Coupling constants calculated in Hz)

0 (ppm) in chloroform-d

Aromatic H

CH,

Others

24a

6.87-6.98 (m, 20H)
7.03-7.25 (m, 7H)
7.32-7.45 (m, 4H)
7.80-7.89 (m, 2H)

2.01-2.23 (m, 2H)
2.35-2.51 (m, 2H)
3.35-3.42 (m, 2H)
3.63-3.71 (m, 2H)
4.15-4.31 (m, 2H)

1.15-1.30 (m, 3H) CH;
1.45-1.78 (m, 9H) CH;,

24b

6.83-6.99 (m, 20H)
7.01-7.25 (m, 7H)
7.25-7.42 (m, 4H)
7.72-7.89 (m, 2H)

2.01-2.23 (m, 2H)
2.36-2.51 (m, 2H)
3.43-3.59 (m, 2H)
3.65-3.73 (m, 2H)
4.16-4.34 (m, 2H)

1.15-1.30 (m, 3H) CH,
1.45-1.78 (s, 3H) CH;,

24c¢

6.70-6.81 (m, 8H)
6.84-6.99 (m, 8H)
7.05-7.20 (m, 4H)
7.68-7.75 (m, 4H)

2.02-2.24 (m, 2H)
2.21-2.45 (m, 2H)
3.40-3.51 (m, 2H)
3.61-3.78 (m, 2H)
4.01-4.24 (m, 2H)

1.01-1.25 (m, 16H) CH; and CH,
1.43-1.65 (m, 6H) CH; and CH,

24d

6.81-6.99 (m, 16H)

7.05-7.23 (m, 10H)

7.25-7.42 (m, 4H)
8.10-8.37 (m, 2H)

2.05-2.30 (m, 2H)
2.31-2.46 (m, 2H)
3.41-3.51 (m, 2H)
3.55-3.69 (m, 2H)
4.15-4.35 (m, 2H)

1.05-1.29 (m, 3H) CH;
1.45-1.65 (m, 9H) CH;

24e

6.76-6.89 (m, 12H)
7.01-7.18 (m, 10H)
7.25-7.37 (m, 4H)
7.85-7.94 (m, 4H)
8.15-8.36 (m, 2H)

2.09-2.25 (m, 2H)
2.25-2.45 (m, 2H)
3.42-3.58 (m, 2H)
3.55-3.76 (m, 2H)
4.18-4.31 (m, 2H)

1.05-1.30 (m, 3H) CH;
1.61 (s, 3H) CH;

24f

6.85-7.01 (m, 2H)
7.08-7.19 (m, 2H)
7.15-7.35 (m, 2H)
7.85-8.05 (m, 2H)
8.21-8.39 (m, 2H)

2.05-2.20 (m, 2H)
2.20-2.35 (m, 2H)
3.41-3.52 (m, 2H)
3.59-3.69 (m, 2H)
4.20-4.35 (m, 2H)

0.97-1.19 (m, 3H) CH;
1.20-1.39 (m, 19H) CH; and CH,

24¢g

6.80-6.92 (m, 14H)
6.95-7.20 (m, 12H)
7.77-7.89 (m, 4H)
7.95-8.09 (m, 2H)

2.01-2.26 (m, 2H)
2.29-2.45 (m, 2H)
3.39-3.50 (m, 2H)
3.55-3.69 (m, 2H)
4.18-4.32 (m, 2H)

0.99-1.29 (m, 3H) CH;
1.65 (br s, 9H) CH;
2.63 (s, 3H) CH;

24h

6.85-6.97 (m, 12H)
7.01-7.19 (m, 10H)
7.25-7.45 (m, 4H)
7.78-7.89 (m, 4H)
7.95-8.07 (m, 2H)

2.06-2.19 (m, 2H)
2.22-2.41 (m, 2H)
3.40-3.50 (m, 2H)
3.50-3.65 (m, 2H)
4.18-4.32 (m, 2H)

0.97-1.29 (m, 3H) CH;
1.56 (s, 3H) CH;
2.61 (s, 3H) CH;

24i

6.78-6.92 (m, 12H)

7.00-7.65 (br m, 8H)

7.80-7.92 (m, 4H)

2.08-2.25 (m, 8H)
3.32-3.52 (m, 4H)
4.16-4.31 (m, 2H)

0.96-1.31 (m, 3H) CH,
1.39-1.56 (m, 5H) CH; and CH,
2.45-2.71 (m, 13H) CH; and CH,
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Table 3.3.25: *C NMR data for soluble polymers 24a,b,d,e,g

O (ppm) in chloroform-d
‘ng ArCH | CH, | CH; | Others
111.33
14291 | 117.58
14358 | 120.29
30.23
igg'gé }ggg 3649 | 1225 | 42.01*
24a : : 44.77 | 27.69 | 4533
[52.34 | 12519 1 4e'se | 3100 | 173.69%
15270 | 12795 | 45°3 : :
15543 | 128.39 :
155.76 | 128.86
129.40
11137
127.11 | 118.79
13331 | 119.24
136.81 | 122.08 ggg 123
pap | 14379 | 12526 | 2002 T232 45 g
15005 | 12852 | fe0% | 2004 | 17345
15265 | 12883 | 023 :
15433 | 129.47 :
157.44 | 131.42
134.58
142.86 | 111.39
143.60 | 117.59
14522 | 12026 | 3023
14727 | 12035 | 3644 | 1222 | 42.00%
24d | 15122 | 12255 | 4475 | 27.64 | 45.40*
152.72 | 124.56 | 48.57 | 30.98 | 173.59%
15539 | 12618 | 61.29
155.75 | 127.92
156.57 | 128.36
111.43
27.28 :
136.82 | 11928 | 555
14378 | 12296 | 307043
: 124.59 : 1204 | 45.42%
24e | 147.32 44.94
126.21 27.66 | 17347+
15127 | 12020 | 48.62
154.40 : 61.34
156.55 | 1297
157.47 | 131.48
134.56

* quaternary carbon
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Table 3.3.25: continued

24¢g

136.91
142.86
143.71
145.22
146.10
150.69
152.70
155.42
155.71

111.35
117.59
119.18
120.37
122.12
125.77
127.92
128.38
129.28

30.18
36.43
44.80
48.59
61.34

12.23
26.73
30.99

42.00%
45.37%
173.56*
197.49*

Table 3.3.26: Yield, IR and TGA data for polymers 24a-i

%Yield IR (cm-l) T((;O%O)nset T(ioACe;dset TG?E“;POint %IOSS
246 308 263 13
242 58 1734 (C=0) 404 456 432 21
507 548 525 19
- 260 207 277 10
24b 40 1733 (C=0) g e 27 o
267 289 269 9
24¢ 50 1734 (C=0) 517 560 531 16
620 669 643 2
- 269 316 207 7
24d 70 1734 (C=0) g o > ),
242 274 275 7
24e 35 1731 (C=0) 440 456 450 2
605 680 640 53
206 303 255 70
24f 40 1734 (C=0) 2o o > A
1734 (C=0) 269 307 285 g
24g 70 1679 (C=0) 519 615 552 )
- 1737 (C=0) 279 307 205 4
24h 30 1686 (C=0) | 481 512 493 14
> s 1735 (C=0) 217 245 231 6
1679 (C=0) 416 446 432 28
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3.3.5 Photochemical/Thermal stability of azo dyes
3.3.5.a) Photooxidation of azo dyes

As outlined in Section 1.2.4, oxidative techniques have proven successful in
bleaching azo compounds. A preliminary study was therefore performed to determine
whether the azo dyes synthesized could be efficiently degraded using hydrogen peroxide
and 300 nm light. Five dyes (9d, 9g, 11b, 17d, 24d) were chosen as representative
examples for hydrogen peroxide trials. An excess of hydrogen peroxide (mol dye:mol
H,0, approximately 0.02x107:1) was utilized in the trials to ensure that the amount of
H,O, present could be taken as constant throughout the photolysis (with the assumption
that the photolysis period was not sufficiently long enough to remove the excess

peroxide). Irradiated trials without H,O, were performed for comparison.

3.3.5.a.i) Compound 9d was exposed to 300 nm irradiation in the presence of
H,0,, and was observed to bleach rapidly within 20-30 minutes, whereas the trial
without H,O, showed negligible change over the same time period. After 30 minutes
the absorbance of the dye in the oxidative medium was not observed to change
significantly, and thus the degradation was essentially complete within 30 minutes. This
correlates well to other reports that indicate rapid colour loss within the first 10-30
minutes of photolysis''. Figure 3.3.24 presents the absorbance changes over time for

9d, while Figure 3.3.25 compares the trial with and without peroxide.

160



Cnbty

2.200,

1.800

1.000

0.500

0.01l4!

3aA3s5.

I T -
500.0 600.0 650.0
Wavelength (nm.}

Figure 3.3.24: Absorption spectra at time: 0, 5, 15, 25 and 90 minutes for photolysis of
9d with H,O,
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Figure 3.3.25: Comparison of 300 nm irradiation of 9d with and without H,O, present
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In addition to examining the wavelength changes, an attempt was made to isolate
the products of the photocatalytic oxidation. Previous reports have illustrated the

10-11% " thus CHCl; was used as an

presence of low molecular weight polar compounds
extraction solvent in an attempt to recover any of these products. Due to the low
concentration of the original starting dye, isolation of any products was met with limited
success. However, the GC-MS of the extracted residue remaining from the H,O, trial
did show a small amount of benzoic acid present. This is not unexpected, as the
formation of low molecular weight acids has previously been reported in the aqueous
oxidation of azo compounds'®®"’.  The identity of the peak in the GC-MS
chromatogram was determined by comparison of EI spectra of standard compounds
available from the National Institute of Standards and Technology (NIST). Figure
3.3.26 provides the experimental mass spectrum from 9d and of benzoic acid (available

from NIST). Table 3.3.27 presents the m/z values and the relative abundances for the

experimental GC-MS peak.
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Figure 3.3.26: Mass spectrum of extracted 9d product (top) and benzoic acid (bottom)

Table 3.3.27: Relative abundances of m/z peaks from 9d photooxidation product




3.3.5.a.ii) The decomplexed polymer 24d was examined to see whether any
change would be observed on moving from a low molecular weight dye to a
macromolecular dye. As is evident in Figure 3.3.27 and 3.3.28, the compound required
a slightly longer period to degrade, which may be attributed to either the greater number
of chromophore units per molecule, or the conformation of the polymer that may inhibit
- the ability of H,0, to actively interact with the azo chromophore. Regardless, within 90
minutes of photolysis the solution became clear, with absorbance values approaching
zero. Attempts to isolate products of the degradation through extraction of the aqueous
sample with chloroform, and concentration of the solvent followed by injection into a

GC-MS, were unsuccessful.
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Figure 3.3.27: Absorption spectra at time: 0, 5, 10, 15, 35, 90 minutes for photolysis of
24d with H,O, with 300 nm irradiation
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Figure 3.3.28: Comparison of 300 nm irradiation of 24d with and without H,O,

3.3.5.a.iii) The complexed compound 11b posed an interesting problem, in that
the photolysis without H,O, would be expected to change with irradiation, given that the
complex would undergo photolytic decomplexation. However, the successful isolation
of the decomplexed dyes proved that photolysis in hydrocarbon solvents does not
adversely affect the dye structure, thus a comparison of the effect of H,O, could be
made if one examined the time required to cause absorbance changes in the trial with
and without H,O,. Understandably, one would expect the trial with H,O, to undergo a
faster change than the trial without. As can be observed in Table 3.3.28, the sample
photolyzed with H,O, displayed a faster rate of change. The absorbance of the trial
without HyO, was seen to change (Figure 3.3.29), as the solution became slightly opaque
but remained coloured (resulting from the decomplexation reaction), while the trial
containing H,O, was observed to become clear (resulting from the degradation of the
dye molecule). In fact, the rate of colour removal was more rapid than with 9d or 24d,

as the absorbance became insignificant in approximately 10 minutes. The exact reason
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for this is unclear, however it is plausible that the liberated iron from 11b may initiate a

type of photo-Fenton reaction that may increase the rate of oxidation.

0.500

gy

o.013l L
335.0 400.0

500.0 600.0 650.0
Wavelength (mm.)

Figure 3.3.29: Change in absorbance of 11b with 300 nm irradiation without H,O,

Table 3.3.28: Absorbance of 11b with increasing irradiation time with and without

H202
Time (min) Absorbance Absorbance
with H,O, without H,0O,
0 0.3880 0.4300
2 0.0914 0.3506
7 0.0297 0.3355
17 0.0332 0.3175
45 —— 0.2494
90 - 0.1635
150 ——— 0.1777
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3.3.5.a.iv) The azo dye (9g) showed a relatively slow degradation with H,O,
when irradiated with 300 nm light. Table 3.3.29 provides the Ay values with time for
the trials with and without H,O,. It was surmised that given the possibility that this
compound may exist as the hydrazone tautomer, the presence of a N-H bond could be
impeding the hydroxyl radicals from approaching the azo bond. Thus the time required

for destruction of the dye would be longer when compared to the previous examples.

Table 3.3.29: Absorbance of 300 nm irradiated samples of 9g with and without

H,O,
Time (min) | Absorbance with H,O, | Absorbance w/o H,O,

0 0.5959 0.7311

15 0.5072 0.6043

20 0.4284 0.6937

25 0.3794 0.6603

30 0.3621 0.6325
45 0.3042 0.6476

90 0.1345 0.7307
150 0.0705 0.7283

In order to test the hypothesis regarding whether the tautomers could be affecting
the rate, a trial was attempted at pH 10 by adding a couple of drops of concentrated
ammonia solution. In the presence of base, the absorbance band of the dye was
observed to change from 381 nm to 470 nm, due to the creation of phenoxide groups.
The appearance of the phenoxide functionality causes two strong electron-donating (o, =
-0.81, om = -0.47) groups to be present on the coupling component, whereas the
protonated form exhibits much less electron-donating ability (OH: o, = -0.38, on =
+0.13). However, upon sitting in the dark, the absorbance band is observed to shift

hypsochromically to approximately 320 nm. This effect has not been readily explained
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in the literature, but is most likely attributed to an equilibrium established between the n-

7* and the w-* states. Figure 3.3.30 illustrates the absorbance of 9g at pH 10 at time 0,

30, 60 and 120 minutes.
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Figure 3.3.30: Change in wavelength maxima of 9g upon sitting in the dark at pH 10

It was discovered that at pH 10 the degradation occurred extremely rapidly in the
presence of hydrogen peroxide and UV light. Indeed, the first attempt to monitor the
reaction met with failure due to the solution turning clear in mere seconds. Thus another
attempt was made, one in which the solution was not irradiated with 300 nm light, but
was placed in a spectrophotometer to monitor the 320 nm absorbance band over time.
The hydrogen peroxide was not added until the 320 nm band was observed to dominate
the absorption spectrum. Upon placing the hydrogen peroxide in the solution, an
immediate release of gas was observed, and the solution became essentially clear within
20 minutes.  Figure 3.3.31 compares the trial with H,O, and 300 nm irradiation (at

lower pH) to that of the H,0O, degradation without 300 nm irradiation at pH 10. The data
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is presented as pércent absorbance remaining, which sets the absorbance at time 0 to
100%, with all subsequent readings relative to this initial value. It should be noted that
while the spectrometer itself may be considered a source of irradiation, the relative
intensity is much smaller than the photoreactor (which is equipped with sixteen 300 nm
lamps). The pH of the solution without addition of ammonia was found to be 5.5. The
increase in rate suggests that the tautomers may have been hindering the degradation,

however, this would not explain why irradiation with 300 nm light is no longer required.
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Figure 3.3.31: Comparison of degradation of 9g at pH 5.5 with 300 nm irradiation, and
pH 10 without 300 nm irradiation

3.3.5.a.v) Given the success observed with 9g in the presence of hydrogen
peroxide at high pH, complexed dye 17d was placed in the spectrophotometer to
measure its absorbance without any exposure to 300 nm light. 17d displayed the same
change in absorbance upon addition of ammonia, however was not observed to form a
320 nm band. Thus, the trial was performed on the 445 nm band of 17d. Figure 3.3.32

presents the change in absorbance of the 445 nm band over time, with H,O, present.
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The solution was observed to become clear rapidly, even with a reduced amount of
hydrogen peroxide. Again, this may be due to the presence of the ferrous ion that, once
released via photolytic decomplexation, may catalyze the reaction. The control again

displayed a change in absorbance similar to 11b.
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Figure 3.3.32: Absorbance of the 445 nm band of 17d with H,O, at pH 10 without 300
nm irradiation
3.3.5.b) Thermolytic degradation of azo dyes

Given that the thermogravimetric analysis curves displayed two weight losses for
most of the dyes created, and thus indicated the formation of stable thermolysis
products, an attempt was made to isolate the products of thermolysis. Three compounds
were examined, 9g, 11b and 24d. Heating of 11b and 24d to temperatures that indicated
a weight loss on the TGA curve resulted in the formation of a black char from which no
products could be identified. However, compound 9g did produce detectable products.
Two sets of broad peaks were observed in the GC-MS chromatogram (Figure 3.3.33).
The first set of co-eluting peaks are attributed to low molecular weight products, two of

which were identified as 4-aminophenol (8.57 min) and resorcinol (8.99 min). Identities
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were established by comparison to spectra provided by NIST. The mass spectra of these
two identified peaks and the corresponding NIST spectra are provided in Figure 3.3.34
and 3.3.35. Tables 3.3.30 and 3.3.31 provide the m/z values and the relative abundances

of the two peaks.
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Figure 3.3.33: GC/MS Chromatogram of 9g thermolysis product
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Figure 3.3.34: Mass spectrum of 8.57 minute thermolysis product of 9g (top) and the
corresponding NIST spectrum (bottom)
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Figure 3.3.35: Mass spectrum of 8.99 minute thermolysis product of 9g and the
corresponding NIST spectrum

Table 3.3.30: m/z values and relative abundances of 8.57 minute peak in GC-MS
chromatogram

m/z Rel. Abundance
51.25 5
52.15 12
53.15 17
54.25 10
80.15 61
81.05 17
82.05 5
109.05. 100
110.00 8
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Table 3.3.31: mv/z

values and relative abundances of 8.99 minute peak in GC-MS

chromatogram
m/z Rel. Abundance m/z Rel. Abundance
50.20 5 69.15 13
51.15 7 80.15 20
52.15 7 81.15 28
53.15 23 82.05 31
54.25 12 109.05 36
55.15 12 110.00 100
63.20 9 111.00 7

The second set of peaks in the GC-MS chromatogram belong to the undegraded

dye 9g, and a set of unidentified higher molecular weight products, which may result

from a high temperature reaction or polymerization. The mass spectrum of the first peak

in the chromatogram (23.28 min) is presented in Figure 3.3.36. The base peak in the

mass spectrum is 230 amu, which coincides with the molecular weight of dye 9g. The

fragment ions correspond to logical losses as shown in Figure 3.3.37. Table 3.3.32

presents the m/z values and relative abundances of the 23.28 minute peak.
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Figure 3.3.36: Mass spectrum of 23.28 minute chromatogram peak of 9g thermolysis
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Figure 3.3.37: Fragmentation of dye 9g

Table 3.3.32: m/z values and relative abundances of the 23.28 minute peak of 9g

m/z Rel. Abundance m/z Rel. Abundance

51.15 8 93.05 67
52.15 15 95.05 6

53.15 22 108.15 14
55.15 6 109.05 63
63.20 7 110.00 7

65.15 27 121.05 23
69.15 17 137.00 52
80.05 12 230.00 100
81.05 44 231.00 14

The two peaks following the undegraded 9g have similar mass spectra, but differ
markedly in the peak of highest mass. The middle chromatogram peak (23.47 min)
shows a 302 amu peak, while the third peak in the chromatogram (23.67 min) displays a
374 amu peak. Assuming that the peak of highest mass is the molecular ion, and given
that fragments of 9g occur in both of these mass spectra, it is conceivable that a high
temperature reaction occurred which produced a higher molecular weight compound
similar in structure to 9g.  However, since both spectra do not show a peak of
approximately 460 amu (which would correspond to two 9g molecules linked together),
or multiples thereof, the identity of the higher molecular weight compounds are unclear,
although it is possible that they may be derivatized phenolic compounds. The one

similarity between the spectra is that the base peaks in both mass spectra (displayed in
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Figure 3.3.38 and 3.3.39) occur at 73 amu. The difference between the mass of 9g (230
amu) and the 302 amu peak is 72 amu. Coincidentally, the difference between 230 amu
and 374 amu is 144 (which can result from two 72 units put together). Therefore, given
that there are peaks attributable to 9g, and peaks of multiples of 72 in both spectra, it is
plausible that approximately 72 mass units have been added to 9g. Unfortunately, the
isotopic abundances did not shed any light on the identity of the compounds, as the
percentages of the isotope peaks did not correlate to any logical molecular formula.

Tables 3.3.33 and 3.3.34 present the data for the two mass spectra.
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Figure 3.3.38: Mass spectra of the 23.47 minute chromatogram peak of 9g thermolysis
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Figure 3.3.39: Mass spectra of the 23.67 minute chromatogram peak of 9g thermolysis

Table 3.3.33: m/z values and relative abundances for 23.47 minute peak of 9g

thermolysis
m/z Rel. Abundance m/z Rel. Abundance
43.25 5 95.05 5
45.20 13 107.95 14
52.25 8 109.05 42
53.15 13 110.00 5
55.15 5 120.95 15
63.20 7 134.95 6
65.15 18 137.00 35
69.15 10 151.00 6
73.10 100 165.00 35
74.10 9 166.00 10
75.10 15 180.95 19
80.05 9 208.95 15
81.05 26 230.00 38
91.05 11 231.00 5
93.05 42 302.05 77
94.05 6 303.05 18
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Table 3.3.34: m/z values and relative abundances for 23.67 minute peak of 9g

thermolysis
m/z Rel. Abundance m/z Rel. Abundance
45.20 10 150.90 5
53.15 5 165.00 37
73.10 100 166.00 8
75.10 14 180.95 26
81.15 8 181.85 5
91.05 10 208.95 15
93.05 12 230.05 14
109.05 13 302.05 10
120.95 5 374.20 57
134.95 5 375.20 18
136.90 11 376.20 8
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4.0 Future goals of the project

The future research regarding organoiron complexed azo dyes encompasses
many areas. Of particular note is the potential to synthezise tailor made coloured
thermoplastic materials. The organoiron methodology, employed in the synthesis of the
complexed dyes, has already proven to be successful in the synthesis of many different
types of engineering thermoplastics. With the ability to bond azo chromophores as
pendant side chains, or even in an organometallic backbone, there exists the possibility
of creating highly coloured engineering thermoplastics, a goal which was not readily
achievable before. This work is in addition to the vast area of non-linear optical
applications that would also make use of organometallic azo polymers. Both
applications benefit greatly from the versatility of the metal-mediated nucleophilic
aromatic substitution methodology, which allows compounds to be tailored for a specific
application.

With regards to the oxidative remediation of contaminants, the potential of
organoiron complexes to catalyze oxidation techniques utilizing hydrogen peroxide (via
a photo-Fenton reaction), creates the possibility of producing polymers that could

enhance degradation processes. An organometallic thermoplastic polymer (for example,

and hydrogen peroxide, would photolytically decomplex releasing ferrous ions into
solution which would potentially catalyze the oxidative removal of the contaminant.
The polymer itself would show little to no change due to the stability of the polymer

backbone.

179



5.0 Conclusion

A series of azo dyes containing cyclopentadienyliron moieties have been
synthesized and characterized. The inclusion of complexed arenes into an azo dye
structure altered the visible absorption properties of the dyes. If the complexed arene
was associated with the coupling component of the azo dye, a hypsochromic shift was
observed, conversely, association with the azo component resulted in a bathochromic
shift. A number of complexed dyes were polymerized via reaction with dinucleophiles,
thus producing coloured polymers that incorporated cyclopentadienyliron moieties. The
UV-Vis properties of the polymers were not observed to change significantly when
compared to the monomers.

Photolytic decomplexation using 300 nm light, which has been shown as a
versatile technique for demetallation, liberated the organic azo dyes and polymers. The
decomplexed coloured polymers showed little change in their absorption bands when
compared with the complexed polymers, however, the lower molecular weight
decomplexed dyes displayed shifts in their absorption bands which brought their Amax
values closer to that of their original parent dyes. This was attributed to the loss of the

electron-withdrawing CpFe” moiety.

..
ves have been shown to degrade in &r

The azo dy en sho i

s
E
o
€0

with the addition of heat. Solutions irradiated with 300 nm light in the presence of H,O,
rapidly bleached the azo dyes studied. The rate of degradation has been shown to be pH
dependent for certain dyes, with increases in rate observed in basic solution.

Thermolysis trials have shown products that indicate breakage of the azo bond.
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